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SUMMARY

The major objectives of the current FAA Combustion Noise Investigation (Contract No.
DOT-FA75WA-3663) were to:

* Develop prediction procedures for both direct and indirect combustion noise that
are applicable to conventional and low emissions burners (both annular and can-
type) of the type designed by P&WA.

* Experimentally evaluate and improve these procedures by conducting appropriate
rig tests and by comparing with data from full scale engines.

* Determine the dominant combustion noise mechanism (i.e., direct or indirect) for
typical turbofan engines.

* Compare results with previous FAA data and predictions.

* Identify combustion noise reduction methods for future low emissions burners
and engines under development.

An improved direct combustion noise prediction system was developed, in which expressions
for acoustic power levels, peak frequencies, and turbine transmission losses were derived in
terms of readily available performance and geometry parameters from the burner and tur-
bine. New parameters introduced by the prediction system include the effects of fuel nozzle
number and burner length. Predictions were found to be in good agreement with data ob-
tained from component rig tests on six JT8D type burners, including four conventional burners
with both single and multiple fuel nozzles; and two low emissions burners, one with an
aerating fuel nozzle, and the other a two-stage burner for low NOx emissions. The inde-
pendent effects of fuel nozzle number, burner inlet temperature, pressure, flow parameter
and fuel-air ratio were determined from these tests and found to be in excellent agreement
with predictions.

To evaluate and improve the existing P&WA indirect combustion noise prediction model,
dynamic temperature data at the exit of a JT8D burner were obtained, from which the temp-
erature "hot-spot" amplitudes and length scales were determined and correlated in terms of
burner operating parameters. It is the amplitude and size of these hot-spots, as they pass
through the pressure drop of the turbine, that determine the characteristics of indirect com-
bustion noise.

Predictions of both direct and indirect combustion noise were compared to combustion
noise data from a full-scale JT8D-109 engine. From these comparisons, it was demonstrated
that direct combustion noise (rather than indirect) is the dominant source for this engine.

Further comparisons of the new direct combustion noise predictions with data from four
P&WA turbofan engines revealed that when turbine transmission losses are accounted for, all
of the data from these engines and from the JT8D burner rig tests fit the direct combustion
noise predictions with a standard deviation of 1.9 dB. In addition, the observed differences



in peak frequencies between engines (i.e., 280 Hz for the JT9D-7, 315 Hz for the JT9D-70,
450 Hz for the JT81-109 and 500 Hz from the JTIOD) were accurately predicted by the
analytically developed peak frequency model. Predicted combustion noise directivity pat-
terns and spectra shapes were obtained empirically, using measured data from the JT8D rig
tests and from the above four P&WA turbofan engines.

When the combustion noise power levels measured from P&WA rigs and engines were com-
pared to predictions reported by G. E. under previous contract to the FAA, significant dif-
ferences were observed. The P&WA and G. E. predicted combustion noise directivity pat-
terns were found to be in good agreement. Although the G. E. spectra are predicted to peak
at 400 Hz for all engines, and while the P&WA procedure accounts for differences between
engines, the predicted spectral shapes from both procedures are similar.

Results of the current analytical and experimental investigation were used to identify meth-
ods for reducing combustion noise from typical aircraft engines. Combustion noise reduc-
tions can be obtained by geometry and/or performance modifications as summarized below:

* Increase the number of fuel injection sources in the burner

* Increase the burner cross-sectional area in the reaction region

* Decrease the circumferential extent over which acoustic pressures are correlated
at the combustor/turbine interface

* Stage the combustion process

• Decrease the burner inlet pressure

* Increase the burner inlet temperature

• Decrease the burner flow parameter (i.e., throughflow velocities)

" Decrease the burner fuel-air ratio

* Increase the turbine pressure ratio

It will only be through noise/cycle optimization studies that changes in performance para-
meters can be defined that will reduce combustion noise without sacrificing engine perfor-
mance, durability, economy and pollutant emissions.
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1.0 INTRODUCTION
1.1 BACKGROUND

Since the introduction of jet powerplants for commercial airplanes in the late
1950's, there has been a continuing effort by both industry and government agen-
cies to develop the technology to design quieter propulsion systems. While the
initial turbojets were jet noise dominated, the introduction of JT3D and JT8D
low bypass ratio turbofans to the commercial fleet in the early 1960's gave relief
in jet noise at takeoff powers, but introduced problems with fan noise at ap-
proach. The high bypass ratio engines introduced later in the 1960's such as the
JT9D and CF6, incorporated advanced noise reduction design features which,
together with acoustically treated nacelles, provided a further major reduction
in aircraft noise.

The major in-flight noise sources from modern subsonic aircraft incorporating
turbofan engines include fan noise, combustion noise, turbine noise, jet noise,
and airframe noise as illustrated in Figure 1.1-1. The relative levels of these
noise components are different depending on the basic engine type, its growth
status, bypass ratio, effectiveness of acoustic treatment and noise reduction de-
sign features.. The importance of combustion noise relative to other noise sources
depends on the particular engine being considered. The following discussion
will first consider existing engines, and then advanced engines.

Fan noise Combustion noise

Turbine noise let noise

Airframe noise

Figure 1. I -1 Aircraft/Engine Noise Sources

Several examples of the relative noise component levels for engines used in to-
day's fleet are shown in Figures 1.1-2 through 1.1-4. These engines include the
JT8D- 15 (Figure 1. 1-2), which is near the top of its growth capability; the JT9D-7
(Figure I.1-3) installed in short duct nacelles, and the JT91D-70 growth engine in
a long duct nacelle (Figure 1.1-4).
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Figure 1. 1-4 Noise Component Analysis for JT9D-70 Engine In Wide-Bodied Aircraft

The in-flight noise levels from the above engines are seen to be controlled by fan
and jet noise components. Although the noise from aircraft powered by these
engines meet existing federal noise regulations, more restrictive rules could re-
quire that noise from the fan and jet be reduced to the point where combustion
noise reduction may be required.

In addition, anticipated emissions rules have led to burner designs that are quite
different than those in current production. The impact of these design changes
on combustion noise were explored under this contract, but needs to be defined
further for other low emissions burners currently under development.

Examples of near term advanced P&WA engines which are expected to have com-
bustion noise problems are the refan derivatives of the JT8D engine. These en-
gines ace an outgrowth of the NASA Refan Program. The JT8D-209 engine has
been considered for use in the DC-9 and 727 aircraft and has predicted noise
component levels as shown in Figure 1.1-5. Jet noise levels shown in this figure
reflect the use of a forced mixer. Combustion noise at approach is higher than the
jet noise. At the cutback and takeoff conditions, combustion noise is seen to be a
major contributor to the total engine noise signature. In this engine, and particu-
larly in growth versions of this engine, combustion noise reduction may be re-
quired to meet current noise regulations. More restrictive rules may require even
more significant reductions in combustion noise from these engines. It was in view
of this potential problem that measurements of combustion noise in the current
investigation were concentrated on the JT8D burners and engine. An indication

5



of the influence of combustion noise on aircraft total noise for the 318D-209 en-
gine in a narrow-bodied aircraft is shown in Figure 1 .1 -6. At the cutback condi-
tion, for example, it may be seen that a 4 dB reduction in combustion noise re-
sults in a one dB reduction in aircraft total noise, and that an 8 dB increase in com-
bustion noise would cause the total noise to increase by 4 dB. Some of the com-
bustion noise reduction features defined in this investigation may well be applic-
able to future versions of the T8D-200 series engines.

Takeoff Cutback Approach

I
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iZgure 1-5 Noise Componen t Analy~sis for JTSD-209 Engine In Narrow-Bodied Aircraft

+-J1180-209 online
Narrow-bodied aircraft
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Change in combustion noise ~-A EPNdB

Figure 1. 1-6 Influence of Combustion Noise On Aircraft Total Noise
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1.2 DISCUSSION OF COMBUSTION NOISF PHEDICI I0r\. STATUS

At the inception Ol thi 'M coiti8 , it %,!scl~.!. ere tit-it thle dominant
sources ot'what was commiuonly reterrecd ito a,,' 1'0Lt en1gline noise( were associ-
ated with the coihirc bun proces- (*- 3,1 ' RV'cn t Stuldic,17 at Pratt &
Whitney Aircraft, Conducted OP d .t 1 1)-i ))P11! 1i :1in Cniinc with a forced mixer
installed to reduce jetI noise, dCiiW0StJr'1t'di irig igilcrose,-correlation tech-
niques) Ilthit, over a w ide range (if enigine p atn conditions, a substantial par-
tiOnl of the o ilet Jn0W !niIil th( Lrwiivl of' thle engine is genera-
ted hLw Lb 1 iiSt, i

('oinustio11nk % i-r. cit her of toe Y t" cypc it . re sil fg direc tly ffrn the
unsteady combustion) or of the "indirect typ t ~w hich results from the con-
vection offbu roe i g:, icr8 t11d tcet r fore t1t 1M ionRMs through the large pressure
drop across the turbine. Although weveral procedures have been published for
predicting levels of )oth tyres oi no.i, e those tol di1rect combustion noise are
empirical in naturr anid hive not adequately accounted for observed differences
in noise levels and peak I requencies, froin different burner geometries. The pro-
cedures for predicting indirec't com111u1t41on iiniSc:, in contrast, are purely theoreti-
cal in nature. but have not be-n exp11 rinen tally evaluated. As a result, it has been
very difficult to assess the inipo:tanct- of indirect, relative to direct combustion
noise sources.

As part of an earlier FAA Core Engine Noise 1'ontiol Program, contracted with
the General Electric (Company(2) hurnier rig tests were conducted to measure
and evaluate coinusoion noise onl burners decsigned for G. F:. engines. Because
of design philosophy dlifferences between P&WA engine barners and the burners
investigated in the earlier [AAX core noise program. ther, was a need for special-
ized investigation of P&WA burner designlS. Furt1her, it was desired to determine
whether the P&WA design changes ben, evaluated to nicet emissions constraints
would cause the comnbustioni noise to change. Finally, there was a neced to iden-
tify combustion noise reduction features that wouild be applicable to advanced
P&WA low emnission bU omer design,, and also to ?pt i i/c the noise/emissions
tradeoff.

Another area which must be conidclred in th pre.diction Of comlbuistion noise
levels from actual engines is the transmission loss that occurs between the comn-
bustor and the engme fartield. Very little Currently is known regarding the mag-
nitude of these losses, but published estimates range froin very small values to
losses in excess of) 40 deciheis

As discussed above, several shortoinige> evst in iirirent procedlures for pre-
dicting direct and indirect coiimbtsti~l in~,L nIs lvels, frcq nencies and transmission
losses. It was ([test, diortcoininiys, iog( rhc r wit tI li need to investigate the effects
of low einissions design iieat ure., and Llwef( e Iso ifiies in burner design
criteria between vani i, engine ;namuificmirer , thalt mot1ivatedl the current combus-
tion noise inivestigat Iion.



1.3 PROGRAM DESCRIPTION AND DOCUMENTATION

The current piogram, which was accomplished in two phases (the second of which
contained tour tasks) was aimed at developing both direct and indirect combus-
tion noise prediction methods for P&WA's conventional and low emissions burn-
ers (both annular and can-type) and to experimentally evaluate and improve these
models by conducting approparidtc rig tests and by comparing with data from full
scale engincs. "111c major scc tions of this report are keyed to the Phase and Task
titles. as described below:

* Phase I l)icct (ombu,,tion Noise Section 2.0

* Phase I1. Task I Indirect Combustion Noise Section 3.0

" Phase I1. Task I1 - Engine Combustion Noise Investigation Section 4.0

* Phase II, Task Ill Comparison with Previous FAA Data Section 5.0
and Predictions

* Phase 11, Task IV Combustion Noise Reduction Section 6.0

* Conclusions Section 7.0

A summary of the information reported in each major section is described in the
following paragraphs.

Section 2.0 -- Analytical models are developed for the prediction of direct com-
bustion noise power levels and peak frequencies. A noise test program conducted
on six P&WA JT8D type burners, including conventional and low emissions designs
is described. The data from these tests are utilized to obtain a detailed verifica-
tion of the analytical models. In addition, an investigation is described that was
aimed at determining the feasibility of using optical techniques as a method for
diagnosing potential combustion noise problems during the early burner develop-
ment stages (details in Appendix C).

Section 3.0 A summary is presented of the existing P&WA indirect combustion
noise prediction system, and a test program and apparatus is described (details
in Appendix D) for obtaining detailed verification of the indirect combustion
noise mechanism. Measurements of the dynamic temperature characteristics at the
exit of a JT8D burner are presented, which are required as inputs to the P&WA
indirect combustion noise prediction system. Correlations of these JT8D -hot-spot"
characteristics are derived in terms of known burner operating parameters. These
correlations are required in Section 4.0 to predict indirect combustion noise for
the JT8D-109 engine.
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Section 4.0 - Internal and farfield combustion 'noise data are presented for four
P&WA turbofan engines. The internal data are used to demonstrate that combus-
tion noise is the dominant source of core engin- noise. In addition, the prediction
systems for direct and indirect combustion noite, described in the preceding sec-
tions, are evaluated by comparing predicted values with these measured data. The
dominant combustion noise mechanism is identified. Next an analytical model is
presented for predicting the combustion noise transmission losses that occur across
the turbine. This model is evaluated by comparing data from isolated burner rigs
with combustion noise data from full scale engines. Finally, a summary is presented
of the combustion noise prediction model, a sample application is discussed, and
the parameters are identified that control combustion noise.

Section 5.0 - Combustion noise data from the JT8D burner component tests, and
from four P&WA engines are compared to G.E. data and predictions obtained dur-
ing the FAA Core Engine Noise Control Program( 2 ). Comparisons of combustion
noise spectra, directivity patterns, and overall power levels are presented.

Section 6.0 - The combustion noise data and prediction system discussed in the
preceding sections are utilized to identify combustion noise reduction methods
for future low emissions engines. In addition, emissions data are presented for
three of the conventional and low emissions JT8D type burners described in
Section 2.0 and for the JT9D-7 engine. Finally, the optimization of the combus-
tion noise/emissions tradeoff is discussed.

9



2.0 DIRECT COMBUSTION NOISE

2.1 BACKGROUND AND INTRODUCTION

Direct Combustion noise, within the context of this report, is defined as the
noise reaching a fartield observer that is generated directly by the unsteady tur-
bulent combustion in a reacting region. Although many procedures for predict-
ing direct combustion noise levels have been proposed in the literature and are
summarized in recent surveys published by Strahle ( O), Motsinger II ) and
flu ff4 2), most methods are empirical and apply primarily to noise generated by
open flames. In addition, the methods suggested for actual combustors fail to
properly predict differences in noise levels from different conventional burner
geometries, and none are capable of predicting the effects of low emissions burn-
er design features on direct combustion noise characteristics.

Although much work has been directed toward the prediction of combustion
noise levels, nio procedure is currently available that explains the observed dif-
ferences in combustion noise peak frequency from different burner geometries.
As shown in Section 4.2, these frequencies, although nearly invarient for a given
burner when operated over a wide range of conditions, have been observed to
range between 280 Hz to 500 Hz. depending on the burner geometry.

To address these several shortcomings that exist in the current procedures for
predicting combustion noise levels and peak frequencies, an improved procedure
has been developed and is presented in this section, together with experimental
verification of the method using rig data from both conventional and low emis-
sions burner designs.

Elements of Direct Combustion Noise Prediction System

The development of the prediction system was divided into three parts; the form-
ulation of analytical models for peak frequency and acoustic power level; the
verification of these models; and the development of empirical spectra and di-
rectivity patterns. The elements of the prediction system are summarized briefly
below and described in the remainder of' this wection.

I. Peak Fremuency Model An expression for peak frequency is derived in
this section and experimentally verified using farfield combustion noise data
from conventional and low emissions burner rigs and from full scale engines
(Section 4.0).

2. Acoustic Power Level Model Starting with the solution to the iionconvec-
live wave equation presented by Strahale ( 10) for the farfield sound from
open flames, an expression is derived for the acoustic power levels generated
by engine type combustors, in terms of burner geometry and performance
parameters. Variations in power level predicted by each term in the expres-
sion are verified independently using farfield combustion noise data from
burner rigs (Section 2.3) and full scale engines (Section 4.0).
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3. Combustion Noise Directivity The combustion noise directivity pattern
used in the prediction systein is obtained empirically from farfield engine
noise data. [lhis is presented in Section 4.8.

4. Combustion Noise Spectral Shape Although direct combustion noise peak
frequencies vary with burner geometry, and are predicted by the peak fre-
quency model, the spectral shape is determined empirically from JT8D burn-
er rig data (Section 2.3) and verified using the engine data presented in
Section 4.8.

Much of the work performed under the current contract in the area of direct com-

bustion noise is summarized by Mathews and Rekos in Reference 13.

2.2 ANALYTICAL MODEL DEVELOPMENT

Representation of Reaction Region in a Burner

The reaction region inside a typical burner is approximated as shown in Figure
2.2-1. The fuel flow, wf, is introduced through one or more fuel nozzles and the
total airflow, wab, is divided between that needed for the reactions, war , and
that used as dilution air. The reaction length, Lr, is defined as the length of the
region in which all the fuel is totally burned. hi the actual reaction region, burn-
ing takes place in a highly turbulent, recirculating flow environment. Since an
exact representation of this flow is not available, the reaction region is approxi-
mated by a region within which the flow thernodynamic properties are assumed
to be spatially homogeneous. The reaction region, which will vary in size as the
burner operating condition is changed, is also assumed to cantain a fuel and air
mixture that results in stoichiometric burning throughout. Thus, the following
relationship exists between the reaction air and fuel flow rates:

wf

war FST-- (!)

where FST is the stoichiometric fuel-air ratio. Remaining parameters required
in the subsequent analytical model development include the burner fuel-air
ratio, defined as

wf

-b =- (2)wab

the burner cross-sectional area, Ab, and burner length, Lb. With these defini-
tions and assumptions regarding the reaction region, the analytical models for
combustion noise peak frequency and acoustic power level may now be present-
ed.
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AIRFLOW INTO REACTION TOTAL BURNER AIRFLOW, Wab
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-BURNER LENGTH, Lb

Figure 2.2-1 Representation of Reaction Region In a Burner

2.2.1 Peak Frequency Model

Since the chemistry within the reaction region of a given burner is assumed to
be invarient over all operating conditions (i.e., stoichiometric) the associated re-
action times are also assumed to be independent of the burner operating condi-
tion, and therefore invarient for a specific burner. If we characterize the burning
process by a typical reaction time scale, rr, then the peak frequency of combus-
tion noise (denoted by fc) generated by these reactions should be inversely pro-
portional to the value of rr (e.g., shorter reaction times result in higher frequen-
cies). This may be expressed as follows:

Cl

fc (3)

where CI is a constant, having the same value for all burners, and rr, as discussed
above, may be different for different burners but is not a function of operating
condition for a specific burner geometry. Thus the frequency predicted by Eq.
(3) is a function only of burner geometry and not of burner performance. The
validity of the assumptions leading to Eq. (3) is supported by the ovservations
of several investigators (References I through 5, 7) that for a specified burner, the

peak frequency of combustion generated noise remains essentially unchanged over
wide ranges of operating conditions. In addition, the observed peak frequencies
from different designs have been noted to vary from about 280 Hz to 500 Hz,
depending only on burner geometry.

12



A expression for the reaction time, rr, appearing in Eq. (3), is derived next. Since
all reactions occur within the length Lr (defined in Figure 2.2-1), then a measure
of the average time for these reactions to occur would be

LrLr 
(4)

where Ur is the mean flow velocity through the reacting region. The reaction
time given in Eq. (4) is the average time that the air and fuel reside in the reac-

tion region. A typical value of this residence time was calculated for several ac-
tual combustors to be about .002 seconds, which is consistent with observed com-

bustion noise frequencies in the 300 to 500 Hz range. The frequency, fc, may
now be expressed as

Ur
fc=Cl Lr (5)

The value of Ur at any operating condition can be described in terms of known
parameters. Applying conservation of mass in the reaction region,

R War TST (6)
Ur pb Ab

where wa is given by Eq. (1) Pb is the burner pressure, TST is the stoichiometric

temperatUre, and R is the gas constant. Since burner liner pressure drops are

usually quite small, the burner pressure, Pb, can be approximated by the burner

inlet total pressure, pt 4 . In addition, from the energy equation, the stoichiomet-

ric temperature is
T-TI Hf FST

TST = Tt4 ( + c ) (7)CpTt4

Realizing that the second term in the brackets of Eq. (7) is much larger than
unity for typical values of Tt4 .Eq. (5) may now be written

RHf wf
fc -- C cp Ab Pt4 Lr (8)
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Since, as shown earlier, fC is not a function of burner operation, the last term in
Eq. (8) must be a constant. Consider, then, a "reference" operatbig condition
which is chosen as the design point for the burner (usually near the aircraft take-
off condition). 1lhe peak frequency from Eq. (8) may now be written

Rilf /wf
c = (9)cc p cAb Pta 1r)re

ref

It is next assumed that at the reference (or design )condition, the design philoso-
phy for a given type of burner (e.g., can-type, annular, etc.) is such that the re-
action length is a constant fraction of the burner length (i.e., longer burners of a
given type have proportionally longer reaction regions, etc.). Thus,

(Lr) = K, Lb (10)
ref

where K1 is a function only of burner type. Substituting Eq. (10) into (9) yields
the final expression for combustion noise peak frequency

R ltf ( w f ) r efc =  Kf 0... 11)
Cp \Pt4 ef Ab Lb

where the proportionality constant Kf is given by

C 1
Kf = -- (12)

Ki

and is dependent only on burner type (e.g. can-type, annular et,:.).

It is interesting to note that for a given ratio of fuel flow to burner pressure at the
reference condition, the frequencies predicted by Eq. ( I I) are inversely propor-
tional to the burner volume, AbLb. Thus, for example, if engine design constraints
resulted in a requirement for a shorter burner, keeping burner type and all other
parameters constant, higher combustion noise frequencies should be expected.

The validity of Eq. (I I ) is demonstrated in Section 4.0, where the value of Kf. is
shown to be about 8 for several can-type burners and 3 for annular burners.
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2.2.2 Acoustic Power Level Model

Published theoretical studies of combustion noise deal primarily with open turbu-

lcnt flames. The theory developed by ('hiu and Summerfield( 14) represents a com-

plete solution to the convected wave equation and expresses the farfield noise in-

tensity as a sumn ot six terms, the relative magnitudes of which are highly depend-

ent on flame characteristics and can be obtained only from carefully conducted

experiments using sophisticated instrumentation techniques(1 5 ). A simpler, ap-

proximate approach was adopted by Strahle (10), where convection terms were

ignored. In typical aircraft type combustors, the axial flow Mach numbers through

the reaction region are quite low, so the approach of Strahle appears to be adequate

for this case. The Strahle model results in an expression for farfield noise from

an open flame (source assumed to be compact) in terms of the volume integral of

the time derivative of the heat release rate (volumetric) in the combustion region,

i.e.,
f r

p,t 2 1 at (ro ' ) dV(r o ) (13)4w re2 a t COO
00V(r.

where r is the distance from the center of the reaction region to the observation

point in the farfield, r is the vector from the center of the reaction region to the

volume element, dV (r?), and Q is the volumetric heat release rate.

If the source is correlated over a known volume, then 3Q/at is the same at all

points within this volume and Eq. (1 3) can be written

p'(r,t)-- -!y(\--) r Vcorr (14)
4i" rc2, - ..

C'O

where Vcorr is the volume of the correlated reaction region producing the noise.

The acoustic power level from this source may be written

< p,2 2)p. ... (4w (15)

P C

Upon substituting (14) into (15), the power becomes

P (" )2 \ V (16)

4irpC
5  at / >

0000
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Consider now an array of N such sources, each independent and uncorrelated with
all others. Then the total power from these sources is

Ptot = N ('"01) 2  < 2 orr  (17)
4w p c5  I t

Considering the noise producing fluctuations in 0 at the peak frequency of radiated
noise, fc' the mean square term in Eq. (1 7) can be represented as follows:

< ( a 2 > a: fc2 < Q' 2 > (18)

\t/

where <Q -> is the mean square amplitude of the fluctuations in Q . The total
power can now be written as

PtotO: N f 2 V2or <0Q2> (19)4trp c 5  Nf5 2

00 00

Eq. (19)is applicable to noise from open flames. Strahle (3 ) has derived the fol-
lowing expression, which relates the noise from a ducted source to that from an
open source:

Popen 
(20)Pduct - Rw

where Rw is given in Reference (3) as a function of frequency and the acoustic
impedances of the burner liner walls and exit plane. Therefore, using Eqs. (19)
and (20), the expression for combustion noise from N ducted sources in an engine
burner may be written as:

I (Y V)2
comb Rw 41rp c 5 fc 2 Vorr<Q' 2 >  (21)

00 00

It is next assumed that in an actual combustor, the correlation volume, Vcorr, is
represented by the volume of the reaction region downstream of each fuel nozzle.
Thus, the number of sources, N, is equal to the total number of fuel nozzles, Nf,
in a given combustor and the correlation volume may be written as

Vcorr M AbLr (22)
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The combustion noise acoustic power is then

Pcomb aup 5  - fc 2 Ab2 Lr2 < Q '2> (23)

From the general expression for peak frequency (i.e., from Eqs. (5), (6) and (7)),
fc maybe written as

Rwa b Tt 4  Fb (l Hf FST2fc Pt4 Ab Lr FST Cp Tt4 (4

Substituting Eq. (24) into (23) and rearranging in terms of independent burner
performance and geometry parameters yields

P c X ('Y- 1)2 R2  1 A 2 wabp 4
comb Rw4p ° c 5 F 2 T Pt4Ab /

Hf < Q' > Ab2

+ fp T Fb2 (< wab 2  (25)

The last term in Eq. (25) contains the mean fluctuation in volumetric heat release
rate. It is assumed that this term is constant, i.e.,

() twab
- (26)

Ab

which requires that the fluctuating heat release rate (per unit volume) be propor-
tional to the mean airflow (per unit area) through the burner. The validity of this
assumption is examined in Section 2.4 where predictions from Eq. (25), using this
assumption, are shown to agree with experimental data. Substituting Eq. (26) into
(25) and combining all constant terms, yields the final expression for the combus-
tion noise acoustic power.

Pcomb = K 2  Ab 2 Pt 2  Pt4 1+ I (27)

where the proportionality constant K2 may be a function of the fuel and oxidizer
type, burner liner and exit impedances, and details of the burner geometry that
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have not been iccountcd for specili,ally in the analysis. 'le value ' tlis constant

must be determined by experiment. The next two terms i Eq. (27;, 'lairn burner

geometry information, including the predicted result that the coml,usti,'i. noise

power is imersely proportional to the number of fuel injection sources (fuel noz-
zles) io the burner. The final four terms in Eq. (2 7) involve four indepeidclt burmier
performance pa ameters (i.e., the burner pressure, pt , burner flow parameter.
normalized burner inlet temperature, and the burnerfuel-air ratio, Ib). Other per-
formance parameters may be expressed in tcmls of thest: four independent par-
arllet-rs

[he acoustic power level, or OAPWL (in decibels) obtained Irom Eq. (27 may
be %ritten as

OAPWL = 10 log Ab 2 +~T  Hf ,FSTY : I
N b 'A4 ( t4 Ab Cp Tt4/) .

+ K3 - dB (ref. 10- 12 watts) (28)

where K3 
= 10 log Ki. and must be determined from experiment. A detailed,

tern-by-term experimental verification of the predictions from Eq. (28) is pre-
sented in Section 2.4. where K3 is shown to equal 131.3 for conventional burner
designs, and 130.0 for an advanced low emissions burner design.

2.3 JT8D BURNER RIG TEST PROGRAM

1"he main objectives of the JT8I) burner rig test program were to identify the im-
portant characteristics of direct combustion noise and to aid in the evaluation of
the direct combustion noise analytical models presented in Section 2.2. The test
program was conducted using six JT8I) type burner configurations at the P&WA
outdoor combustion noise facility. Descriptions of the various burners, the com-
bustion noise facility and JT8D burner rig are presented in this section, together
with a description of the test conditions, and a summary of internal and farfield
noise test results. While the data presented in this section deal only with the in-
ternal and farfield acoustic test program results, other specialized test programs
were conducted on selected burners (see Table 2.3-1 . and are discussed in other
sections ot this report. Internal burner turbulence characteristics were obtained
for three JT8D type burners (Table 2.3-1 ) and are discussed in Appendix A. In-
ternal dynamic temperature characteristics, including "hot-spot" amplitudes and
length scales for one JT8D-i 7 burner, were obtained in support of the indirect
combustion noise investigation and are discussed in detail in Section 3.0.
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TABLE 2.3-1

JT8D BURNER RIG TEST PROGRAM

Internal Cold Flow Hot Spots

Burner Configuration Far-Field Kulites Turbulence QRTC'S

I. JT8D- 17 Production V V V V

2. JT8D-17 Aerating V V
(Pressure Atomizing Primary
only)

3. JT8D-17 Aerating V V V
(Aerating Secondary Only)

4. JT8D-9 Production

5. J52 Production / V
(4 Fuel Nozzlks)

6. JT8D Vorbix V V V
(Advanced Low Emission Design)

2.3.1 Burner Configurations

The following six JT8D3 type burner were selected to be tested at P&WA's outdoor

combustion noise test facility (referred to as X-410 stand):

I. JT8D-17 production

2. JT8D-! 7 aerating (pressure atomizing fucl nozzle)

3. JT8D-l 7 aerating (aerating fuel nozzle)

4. JT8D-9 production

5. J52 production

6. JT8D-vorbix
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The production JT8D-i 7 burner was selected as the baseline JT8D configuration.
Testing of the JT8D-l 7 aerating burner permitted an investigation of the effect
of fuel nozzle type (pressure atomizing versus aerating) on combustion noise. The
J52 burner with four fuel nozzles was tested to evaluate the effect of multiple
fuel nozzles on combustion noise. With the exception of fuel nozzle number,
this burner is similar (length, diameter, etc.) to the single fuel nozzle JT8D burners.
The advanced low emissions design JT8D-vorbix burner, a two-stage combustor,
was selected to compare with conventional JT8D burner test results.

A photograph of the production JT8D- 17 (baseline configuration for the JT8D
burner tests) is presented in Figure 2.3-1, together with a photograph of the pres-
sure atomizing fuel nozzle used with this burner.

Figure 2. 3-1 Production JTSD-J 7 Burner and Fuel Nozzle

A photograph of the JT8D-l 7 aerating burner with its aerating fuel nozzle is shown
in Figure 2.3-2. The aerating fuel nozzle used for the noise tests at X-410 stand
utilizes a pressure atomizing primary and a concentric aerating type secondary
fuel system. By conducting noise tests separately on each fuel system, the effects
of differences between aerating and pressure atomizing fuel nozzles could be de-
termined without changing the burner geometry. The incorporation of this larger
fuel nozzle required additional air to be introduced through the front of the burn-
er, making it necessary for selected aft combustion holes to be reduced in area
(relative to the JT8D-I 7 production burner) in order to maintain a constant total
airflow through the burner.
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*4A

Pigure 2.3-2 Low Emission Design iThi)-1,IAerating Burner and Fhel Nvozzle

Photographs of the JT8I)-9 burner with a pressure atomizing nozzle, and the J52
burner with its four manifolded fuel nozzles are shown in Figure 2.3-3 and 2.3-4,
respectively.

Pigure 2. 3-3 Productioni JTNi)-9 Burner andI !m I Nozzle
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higure 2.34 Production J52 Burner With Eour iiel Nozzles

The JT8[)-vorbix burner is shown in Figure 2.3-5. The vorbix burner is an advanced
low emissions design incorporating a two-stage fuel system. For low power opera-
tion, the fuel is introduced only into the pilot stage shown in Figure 2.3-6. At
higher power conditions, additional fuel is injected through four pressure atomizing
nozzles downstream of the pilot region, where the combustion air is introduced in-
to this secondary combustion zone in the form of swirling high velocity jets.

I ,gur 2.3-5 Advanc(d Low /'fissions De'sign .ITr8) V'orix Burner
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Pressure atomizing f uel nozzles (4)
Aerating fuel nozzle (1)

Primary (pilot) Secrondrsy4 Secondary
stage swres() stage

Figure 2.3-6 Two Stage JT8D Vorbix Burner

2.3.2 Outdoor Combustion Noise Test Facility

Noise and performance data for each JT8D type burner were obtained at X-410
stand, which is a facility constructed specifically for combustion noise investiga-
tions (see Figures 2.3-7 and 2.3-8). Combustion air is provided to the test burner
by two compressors. The air may be preheated to the desired burner inlet tempera-
ture by the heater bum'er mounted upstream of the test burner.

PBE.ST f\! . OP

Figure~~~Tw M.3- P&AOTill (ohu~wiNi'eFcliy - tn

SUPIA12 23



Figure 2.3-8 P& WA Outdoor Combustion Noise Facility, X-410 Stand

Farfield microphones were located at a radial distance of 35 feet from the JT8D
burner rig exit at 10 degree increments between 80 and 160 degrees to the inlet
axis. Noise data were obtained using microphones located '/2-inch above a hard
asphalt surface. A typical microphone installation is shown in Figure 2.3-9. Noise
measurements obtained in this manner are free of low frequency spectral distor-
tion caused by phase difference between direct and reflected sound waves. Six
dB were subtracted from the measured noise levels to obtain an estimate of free-
field levels.

4'-.

figure 2..3-9 ,arfield Microphone Installation At X-4 10 Stand
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('round plane farfield noise measurements were recorded in the range of 50 Ilz to
10,000 I Iz (low frequency noise from 50 lIz to 1000 1I z was the range of interest)
on a 14-channel magnetic tape recording - reproducing system (PI recorder) in the
FM mode providing flat response to 13 ktiz. Amplification of the noise signal, before
recording, was made through two auxilliary 10 dB amplifiers and a standard P&WA
signal Amplifier and Attenuation box. A Ilewlett Packard digital spectral analyzer
was utili/ed, in addition to the PI recording system, to obtain on-line spectral in-
formation.

2.3.3 JT8D Burner Rig

Lach JT8 1) type burner was mounted in the rig shown in Figures 2.3-10 and
2.3-I I. The rig simulated a 40 degree (one-ninth) annular segment of an actual
engine burner case. since only one can was being tested. At the burner exit loca-
tion, an annular-to-round transition section and a round diffuser were added to
minimize jet noise by maintaining jet velocities below 500 ft/sec at all operating
conditions. A close-up photograph of the rig with a JT8) burner installed is pre-
sented in Figure 2.3-12. A schematic of the burner rig showing the locations of
the JT81) burner and the various pressure and temperature probes and two water-
cooled Kulite transducers is presented in Figure 2.3-13.

If

higure 2. 3-I0 .)SD Burner Rig At X410 Stand
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igure 2.3-11 JT8D Burner Rig At X-410 Stand

figure 2.3-12 J7'8D-l 7 Aerating Burner Can Installed In Burner Rig At X-4 10 Stand
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Pt, discharge probe

Ignitor Tt, discharge probe

Fuel nozzle Burner can

KX

/ Annular-to.,round
Kulite transition section Kulite
transducer transducer

I+'igur" 2. 3-. Sc, hmatic oJl'lS!) Burner Rig

2.3.4 Test Conditions

Eighteen test Conditions were selected for each burner to investigate the effect
of independent variations in inlet tenpcrature, fuel-air ratio, 'nd burner flow
parameter on combustion noise. All burner performance variables can be related
to these three independent parameters and the burner pressure. Since the JTrD
burner rig exhausts to atmosphere, burner pressures were limited to values which
resulted in non-contaminating levels of jet noise. This limit precluded study of the
effect of pressure on combustion noise generation. The eighteen point test matrix
used in the program is shown in Figure 2.3-14 and includes simulated engine idle,
approach, climb and takeoff conditions together with fourteen (14) off-design
burner operating conditions were selected to determine the effects on noise of
independent variations in the above parameters. The simulation is exact except
for burner pressure leels. limited as discussed above.

(Numbers Indicate test condition number)
142 1FLOW

.....- -PARAMETER

127 b L) -0.0Lb

12 4 5 6al OLE ____

V14 7 8 9 to 11 12 Will)___4_
1o 13 - - Pt4 Ab .074

-- _ _CLII

1216 14 15
-IJ; ____ ____ LTro1- 742W, to

7I _i ( wab U'Tt4

122o _ 
pt- -t4 -- 0 .0 9 2

1211

0 0010 0.0112 00130 0.01"4 00112 0.0220

FUEL - AIR RATIO (Fb)

i1gure 2.3-14 JTI) Burner Rig Test Matri"
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An additional nine test conditions were run on the low emissions JT8D - vorbix
burner to allow investigation of various primary/secondary fuel splits. Figure 2.3-15
shows the test matrix for this burner, where it may be seen that the fuel split
ranged from 100% primary fuel at low fuel/air ratios to 20'/ primary/80% secondary
at the simulated takeoff condition.

(Numbers represent primary/secondary fuel split)
742 F FLOW

-PARAMETER

_"__ ____ ___ _ (W ab, Tt4 0055

S742 10oo0 lom/

0 10/0 4 M _ _ "M "NM

.0,. o ,, W ot4) -0.0741220 Pt4  AbLM 126 1 0___ __

a/

142TT

122 pt4 .o 4b0 o

FE _ A -RATIO _oo_

FUE -A142AIO 1

Figure 2.3-15 JT8D Vorbix Burner Test Matrix

2.3.5 Discussion of Farfield Noise Deta

Sample measured spectra, power level spectra, and directivity characteristics for
each of the six JT8D type burner configurations will be presented in this section.
The farfieid noise data will be presented in three sub-sections. First, typical noise
characteristics from the following five burners will be presented:

1. JT8D- 17 Production Burner

2. JT8 D- 17 Aerating Burner (Pressure Atomizing Fuel Nozzle)

3. JTSD-I 7 Aerating Burner (Aerating Fuel Nozzle)

4. JT8D-9 Production Burner

5. J52 Production Burner (4 fuel nozzles)

Because of the JTD-vorbix burners' unique geometry and performance character-
istics, acoustic spectral and directivity characteristics will be discussed separately

in the second sub-section. I-:in illy, the combustion noise power level results, in-
cluding key performance information for all six burner configurations. will be.
presente ad noised in the final sui s.ection.
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2.3.5.1 Conventional and Aerating Burner Noise Characteristics

The data analysis technique used in determining the combustion noise character-
istics of each burner consisted of:

I. The computation of acoustic power level (PWL) spectra for each test condi-
tion by numerically integrating the measured SPL spectra over all farfield angles
and subtracting 6 dB for free-field simulation.

2. The determination of a generalized combustion noise spectrum for each burner,
utilizing computed PWL spectra and measured SPL spectra.

3. The determination of combustion noise directivity characteristics by overlay-
ing the generalized combustion noise spectra on the measured SPL spectra at
each angle.

4. The determination of overall acoustic power levels for each test condition by
integration of the generalized combustion noise power spectra.

This data analysis procedure is illustrated using the JT8D-9 burner data as an ex-
ample in the following discussion.

Spectral Characteristics - One-third octave SPL spectra were obtained at all angles
for each test condition. Samples of the farfield 1/3 octave band noise spectra at
four angles for the JT8D-9 burner are presented in Figure 2.3-16 at the simulated
takeoff condition. This example is typical and clearly shows both the combustion
noise (centered around 500 Hz) and a low frequency peak near 100 Hz that has
been attributed to a rig resonance phenomenon. As discussed in Appendix B, it
was possible to spectrally separate the 100 Hz noise from the combustion noise,
resulting in uncontaminated definitions of combustion noise.

84 -iig resonance

Io

Sound 76,
pressure

level 72
dB Inlet angle

o 0*

&120
O 140"

84-

63 125 250 500 1K 2K 4K IK
Frequency -Nz

Figure 2.3-16 Typical SPL Spectra for JT8D-9 Burner, Simulated Engine Takeoff Condi-
tion
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The measured 113 octave band SPL spec tra were numerically integrated over all
angles to obtain the power level spectra for each burner and test condition. A
typical one-third octave PWL spectra. including the rig resonance spectral peak,
is shown in Figure 2.3-17 for the same JT8D-9 burner and operating condition as
portrayed in Figure 2.3-16. All acoustic power levels are presented in dB referenced
to I12 watts. An analysis of individual SPL spectra at various angles, together
with a separate analysis of PWL spectra obtained for the JT8D-9 burner at all operating
conditions revealed no appreciable spectral shape variations with either farfield
angle or burner operating condition. These analyses resulted in the generalized JT8D-9
combustion noise spectra shape shown in Figure 2.3-18. This spectra is in good
agreement with all SPL and PWL spectra for the JT8D-9 burner. Integrating this
spectra shape over frequency results in an OASPL or OAPWL that is 6.5 dB higher
than the respective peak SPL or PWL, as indicated in Figure 2.3-18.

112

103

Power 104
level

do 100-

63 125 250 500 IK 2 4 ik

Frequency - ,

Figure 2.3-17 Typical Power Level Spectra for JT8D-9 Burner, Simulated Engine Takeoff
Condition

-4

o12

PWL - OAPWL
SPL - OASPL -16

-20

-24

,,21 1Al
3 US 20 00i 2I 41 I

Frequency -,

Figure 2.3.18 Combustion Noise PWL and SPL Spectrum for JT8D.9 Burner
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Figures 2.3-19, 2.3-20 and 2.3-2 i represent simulated engine approach, climb and
takeoff conditions, respectively, for the JT8D-9 burner, and show the agreement
between measured PWL spectra and the combustion noise spectra.shape from
Figure 2.3-18.

112

106 Rig resonance , OAPWL 114.5 d3

Power 104\

level
100- nMeasued spectra

combustion
./ noise spectra

96 I

63 125 250 500 IK 2K 4K UK
Frequency - Hz

Figure 2.3-19 JT8D-9 Cbmbustion Noise Spectra, Simulated Approach Condition

112

11ig resonance V OAPWL =116.1 dB

tog-

Power level 104dl/ \ Measured spectra

1100[ JTOD-9 combustion
/ "I noise spectra/

112 - I I n I

6 3 125 250 500 1K 2K 4 IK
Frequency - Hz

Figure 2.3-20 JT8D-9 Combustion Noise Spectra. Simulated (limb Condition
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12-Rig resonance \ OAPWL -113.0 d

103-

Power level 104-
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Figure 2.3-21 IiSD-9 C7ombustion N~oise Spectra, Simulated Takeoff Condition

'Me above data analysis procedure, shown specifically for the JT8D-9 burner, was

also applied to each of the remaining burner configurations except the vorbix, which
will be presented in thle followinlg sub-section. The combustion noise spectra were
found to be quite similar, and a generalized combustion noise spectra for all five
burners was defined and is presented in Figure 2.3-22.

-6

1-4

(7, C,

-22 L

-26 ~
63 125 250 500 1000 2000 4000 0000

Frequency - Hz

Agure 2.3-22 Generalized Combustion Noise Spectra ftrJT8D Tt'pe Burners, Except
Vorbix
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The overall combustion noise sound power levels (OAI'WL) for all burners were
obtained by overlaying the combustion noise spectra shape (in a manner shown in
Figures 2.3-1') through 2.3-21) on the measured PWL. spectra. This procedure eli-
minated the contribution from the low frequency resonance noise.

Power level spectra from the five burners at the simulated takeoff condition are
shown in Figure 2.3-23. The combustion noise from these single and multiple fuel
nozzle burners peaks around the same frequency (500 1 Hz). Another observation

from Figure 2.3-23 is that the J52 burner with four fuel nozzles exhibits a com-
bustion noise spectra that is nearly 4 to 6 dB lowei than those from the single fuel
nozzle burner' This result supports predictions from the direct combustion noise
model (Section 2.2) and are discussed further in Section 2.4.

The low frequency resonance noise level for the JT8D-l 7 acratin" burner operat-
ing with an aerating fuel nozzle appears significantly higher than that from the
other burners and is believed to have been caused by a feedback mechanism be-
tween the resonance noise and the low prcssue fuel injection system of the
aerating nozzle. Appendix B discusses this phenomenon in more detail.

1111 o JTD-17 AtE. lEN.)

o JTS0-17 LR. IP/Al
o JTIU-I

112 a 152
o JTIII

t'o

Power level 1o4/
- oo-

Ill resuae
13 12 5 2 0 SO0 Ill 2K K

Frequency - N,

Figure 2.3-23 Power Level Spectra From Se'veral Burn('rs, Simulated Engine Takeoff Con-
dition

.irectivitv Characteristics Directivity characteristics from each burner were ob-
tained by overlaying the general combustion noise spectra shape (Figure 2.3-22)
on the measured farfield SPL spectra, typical examples of which are shown in
Figures 2.3-24 through 2.3-26 at three farfield locations. The resulting OASPL
levels obtained at each angle were then plotted versus angle from the inlet axis,
examples of which are shown in Figure 2.3-27. The directivities are seen to be
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quite flat. It was lound that all bui nets tested at X-410 stand resulted in very
similar directivity patterns at a gi,'n opterating condition, and that variations in
the pattern shapes ippeared as the operating condition was varied. These varia-
tions were systematic and consisted of a steepening of tie directivities at the rear-
ward angles with increases in either the rig exit velocity or exit temperature. This
can be attributed to shear layer refrJction effects (Morse and Ingard 16)) where
the degree of forward bending of a sound wavte originally directed toward the 180
degree location increascs approximately in proportion to the sum of the local
sonic velocity (or exit tempt'rature) and exit iet velocity. C j + Vj. The measured
directivity patterns from all JT8tD type burnets can bc represented quite accurately
by the four norinahed patterns depicted ini igure 2.3-28 where each pattern is
applicable to ani of the bunr ers opclrurn in the prescribed range of Cj + V .

82-
-General spectra

V Fr~efield DASPL - 87,2dB
Sound 7sf-

pressure
level

d 1 ere spectra

F/

70, ,

dll

, \~

13 125 250 500 1K 2K 4K SK

Frequency - Hz

Figure 2 3-24 Typical SPI. Spc, tra W'th (;e nral C ''nhr'tion Noise Spctra Overlayed.
Simulate.d TWt ,ttdtt, I P "-' )-€? It3rn4r, N Microphone

R2- .'---Gentiral spectra// \\_\\\FreefieWdOASPL = 88,9 dB

Sound 78- A/ \ /' -- Measulred spectra

pressure
level 74 /

70 /"

13 125 250 500 1K 2 K 4K OK

Frequency - Nz

Rgfure 2 3-25 Typical SP1 Spectra With 6',,(',wr!C,nhmti,,i, NVois( Spectra Overlaved.
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Figurc 2.3-26 Typical SPL Spectra With General Combustion Noise Spectra Overlayed,

Simulated Takeoff Condition, JT8D-9 Burner, 1200 Microphone
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Figure 2.3-27 JT8D-9 Burner Rig Directivitv Characteristics
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F-gur N.3-2 Nortnalized Comhustion Noise Directivities Prom JT8D Burner Rig Tests

It should also be noted that directivitics are theoretically predicted ( 1 6 ) to be a
strong function of the ratio of acoustic wavelength to exit diameter. For large
values of this ratio, very flat dircctivity patterns are predicted. This is the case for
the rig data shown in this report, where the ratio of acoustic wavelength (at 500
Hz) to exit diameter is typically about ten. For actual engine configurations, the
exhaust nozzle diameter is much larger and the directivity patterns are corres-
pondingly steeper as indicated in Section 4.0,

2.3.5.2 JT8D.Vorbix Low Emissions Burner Noise Characteristics

Spectral Characteristics -- Several typical measured farfield spectra from the vor-
bix burner operating with 100% primary fuel are presented in Figure 2.3-29, for
the simulated aircraft approach power condition. The acoustic power level (PWL)
spectra for this condition, obtained by numerical integration of SPL spectra over
all angles, is presented in Figure 2.3-30. PWL spectra shapes from all conditions
with 100'/ primary (pilot) burning were similar and agreed well with the general-
ized spectra from the other JT8D type burners reported in the preceding section.
The general combustion noise spectra shape for JT8D-type burners shown in
Figure 2.3-22, has therefore been used to represent the combustion noise from
the vorbix burner when 100% of the fuel flows through the primary nozzle. This
general combustion noise spectra shape is compared in Figure 2.3-30 to the PWL
spectra obtained from the measured data at the 100 7 primary burning condition
discussed above.
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Figure 2.3-29 Typical JTD- Vorbix SPL Spectra, Simulated Engine Approach Condition
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Figure 2.3-30 J7'8D- Vorbix Comnbustion Noise P4'L Spectra, Simulated Engine Approach
Condition
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When fuel was injected into the secondary burning region of the vorbix burner, a
1000 Hz peak became evident in the measured JT8D-vorbix spectra. The PWL
spectra from several simulated approach conditions (with different primary/
secondary fuel splits) are shown in Figure 2.3-3 I. It is evident that the 1000 Hz
noise increases somewhat as the proportion of the total fuel entering the secon-
dary burning region increases. Correspondingly, the 500 Hz combustion noise
levels (which are always dominant) decreased as the proportion of fuel to the
secondary burning zone was increased. These trends are representative of all the
data involving fuel split variations. The generalized spectra shape for the 1000 Hz
combustion noise, shown in Figure 2.3-32, was selected following a detailed analy-
sis of the experimental data.
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do 104-

100-
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63 125 250 500 1K 2K 4K 81
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Figure 23-31 JT8D-Vorbix Power Level Spectra for Several Primary/Secondary Fuel
Splits, Simulated Approach Condition
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Ii'gure 2 3-32 1000 11z Combustion Noise Spectra for JT8D- Vorbix Burner
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Combustion noise spectra shapes (centered at both 500 Hz and 1000 Hz) were
combined (as illustrated in Figure 2.3-33) with the measured PWL spectra to ob-
tain overall combustion noise power levels (OAPWL) for every test condition.
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Figure 2.3-33 Power Level Spectra for JT8D-Vorbix Burner At Simulated Approach Con-
dition, 401% Primary, 60% Secondary Fuel Split

Directivity Characteristics - The directivity characteristics of the vorbix were
quite similar to those from the other five burners, and are adequately represented
by the four patterns presented in Figure 2.3-28.

2.3.5.3 Discussion of Performance and Acoustic Power Levels

The total combustion noise power levels and key performance information for all
six JT8D type burners are presented in Tables 2.3-2 through 2.3-7. Although the
results presented in these tables will be used in more detail in Section 2.4 for veri-
fication of the combustion noise power level. model, the following observations
may be made from the OAPWL data:

I. The noise levels from the J52 burner (Table 2.3-6) are approximately 6 dB
lower than the levels from the single fuel nozzle burners.

2. Through the use of a statistical method using a 95% confidence criteria, it
was found that combustion noise power levels were not affected by the
JT8D-l 7 aerating burner geometry modifications (Tables 2.3-2 and 2.3-3).
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The results of tests run on the JT8D- 17 aerating burner operating separately
with two different fuel nozzles (shown in Tables 2.3-3 and 2.3-4) revealed,
through the use of the same statistical methods, that the low emissions aerat-
ing fuel nozzle did not result in noise differences relative to the conventional
pressure atomizing fuel nozzle.

4. The two-stage, advanced low emissions JT8D-vorbix combustion noise levels
(Table 2.3-7) are an average of 1.3 dB below the noise levels from the JT8D-
17 production burner. In fact, the acoustic power levels from the vorbix ,>.
burner were found to be in better agreement with those from the single fuel
nozzle burners than with those from the J52 burner with four fuel nozzles.
This appears to be the case even when the vorbix is operating with a majority
of the fuel flowing through the four secondary fuel nozzles. A possible ex-
planation of this result is that the four secondary burning regions are not in-
dependent sources of noise, and that the heat release fluctuations in these re-
gions are correlated with, and possibly caused by, the fluctuations in the sin-
gle upstream primary burning zone.

5. The JT8D-vorbix combustion noise levels (Table 2.3-7) do not vary more
than about 2 dB as a function of primary/secondary fuel-split for a given
value of fuel-air ratio, flow parameter and inlet temperature.
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'FABLE 2.3-2

PERFORMANCE AND OAPWL'S FOR JT8D-17 PRODUCTION BURNER

Test Tt 4  Pt 4  Wfuel Wab F OAPWL
Condition (' R) (psia) (Ibm/hr) (Ibm/sec) b Pt 4 Ab (dB)

1 755 15.51 38.8 1.082 .0100 .0560 110.7

2 969 15.82 39.1 .965 .0113 .0555 111.3

3 966 15.82 57.6 .993 .0161 .0570 112.8

4 781 16.70 55.5 1.533 .0101 .0750 117.3

5 783 16.75 62.4 1.533 .0113 .0718 119.4

6 784 16.85 91.8 1.481 .0172 .0721 122.1

7 968 16.64 0 1.413 0 .0772 Cold

Flow

8 967 16.34 53.7 1.333 .0112 .0743 118.3

9 972 16.80 63.2 1.381 .0127 .0750 1i9.3

10 967 16.80 79.6 1.335 .0166 .0723 120.5

il 966 16.74 89.4 1.358 .0183 .0738 121.4

12 961 16.85 108.8 1.376 .0220 .0740 123.1

13 1220 16.73 71.8 1.196 .0167 .0731 119.3

14 1292 16.71 47.6 1.195 .0111 .0753 118.5

15 1295 16.70 77.3 1.172 .0183 .0738 118.9

16 713 17.91 76.0 2.102 .0100 .0916 122.0

17 964 18.10 72.9 1.832 .0111 .0918 122.7

18 964 18.24 110.1 1.856 .0165 .0923 124.0

41



TABLE 2.3-3

PERFORMANCE AND OAPWL's FOR JT8D- 17
AERATING BURNER (P/A FUEL NOZZLE)

w fb t 4

Test F1 Pt 4  Wfue Wa b  ab t4  OAPWL
Condition (0 R) (psia) (lbm/hr) (lbm/sec) 0t 4  b (dB)

1 774 15.74 39.34 1.095 .0100 .0566 110.7

2 967 15.80 39.36 .977 .0112 .0562 111.4

3 959 15.80 56.3 .977 .0160 .0560 113.1

4 779 16.79 55.7 1.561 .0099 .0759 118.5

5 779 16.77 62.7 1.561 .0112 .0760 118.7

6 778 16.83 91.5 1.535 .0166 .0744 121.5

7 970 16.54 0 1.366 0 .0752 Cold
Flow

8 969 16.71 55.4 1.360 .0113 .0741 119.4

9 963 16.72 63.7 1.360 .0130 .0733 119.3

10 963 16.80 80.7 1.370 .0164 .0740 119.9

11 963 16.80 89.4 1.368 .0183 .0739 120.5

12 967 16.87 108.5 1.365 .0221 .0736 122.7

13 1237 16.64 71.1 1.206 .0164 .0745 117.9

14 1291 16.79 55.1 1.182 .0130 .0740 117.9

15 1287 16.76 69.3 1.177 .0164 .0737 116.9

16 799 18.07 74.0 2.050 .0100 .0938 123.0

17 968 18.04 73.6 1.798 .0114 .0907 123.0

18 964 18.38 109.7 1.858 .0164 .0918 125.1
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TABLE 2.3-4

PERFORMANCE AND OAPWL'S FOR JT8D-I 7
AERATING BURNER (AERATING FUEL NOZZLE)

Test Tt Pt Wfuel Wab Fb wab t 4  OAPWL
Condition (o) (Psia) bbnlr) (b/sec) Ab (dB)

1 744 15.71 39.6 1.099 .0100 .0558 110.8

2 959 15.66 38.8 .962 .0112 .0556 113.0

3 963 15.63 56.4 .963 .0163 .0558 113.5

4 774 16.70 55.4 1.545 .0100 .0753 119.6

5 784 16.73 62.6 1.550 .0112 .0759 120.6

6 801 16.91 92.1 1.553 .0165 .0760 123.0

7 963 16.46 0 1.353 0 .0745 Cold
Flow

8 963 16.68 55.2 1.372 .0112 .0746 118.8

9 967 16.61 62.8 1.342 .0130 .0735 119.6

to 961 16.69 80.0 1.345 .0165 .0731 120.9

11 963 16.70 88.2 1.347 .0182 .0732 121.1

12 963 16.77 106.8 1.351 .0220 .0731 121.0

13 1220 16.47 69.4 1.182 .0163 .0733 117.9

14 1279 16.84 46.9 1.168 .0112 .0725 116.2

15 1284 16.93 77.8 1.185 .0182 .0733 117.6

16 796 18.01 73.6 2.046 .0100 .0937 124.3

17 964 17.91 73.6 1.831 .0112 .0928 123.3

18 964 18.13 108.7 1.834 .0165 .0918 125.8
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TABLE 2.3-5

PERFORMANCE AND OAPWL'S FOR JT8D-9 PRODUCTION BURNER

Test Tt Pt 4  wfuel Wa Fb ab OAPWL
Condition (4) (psia) (Ibm/hr) (lbm/sec) Pt4  (dB)

1 753 15.54 38.5 1.081 .0099 .0558 108.4

2 964 15.71 38.6 .948 .0113 .0548 108.3

3 964 15.75 57.2 .967 .0164 .0558 110.6

4 765 16.38 54.8 1.533 .0099 .0757 114.2

5 793 16.44 61.6 1.538 .0111 .0770 115.5

6 799 16.50 90.5 1.500 .0168 .0752 119.1

7 965 16.31 0 1.362 0 .0759 Cold

Flow

8 965 16.47 54.6 1.365 .0111 .0753 114.5

9 962 16.40 62.1 1.344 .0128 .0743 115.8

10 964 16.50 79.6 1.363 .0162 .0750 118.5

11 964 16.50 88.2 1.3.47 .0182 .0741 119.1

12 963 16.56 106.9 1.352 .0220 .0741 120.5

13 1231 16.52 70.6 1.194 .0164 .0742 118.1

14 1284 16.39 53.9 1.162 .0129 .0743 115.3

15 1284 16.52 76.4 1.165 .0182 .0739 118.0

16 787 17.54 72.1 1.994 .0100 .0933 121.0

17 963 17.45 70.6 1.770 .0111 .0920 120.7

18 961 17.53 104..0 1.757 .0164 .0909 122.5

44



FABLE 2.3-6

PERFORMANCE AND OAPWL'S FOR J52 PRODUCTION BURNER

Test Tt4 Pt 4  Wfuel wab wabVit4
Condition (0 R) (psia) (lbm/hr) (Ibmn/sec) F Ab OAPWL

Codiio 1 b pt4 Ab(dB)

1 777 15.85 39.5 1.087 .0101 .0559 109.2

2 964 15.82 38.9 .969 .0111 .0556 110.9

3 963 15.86 57.2 .975 .0163 .0558 110.1

4 774 16.56 55.1 1.534 .0100 .0754 113.3

5 774 16.57 61.8 1.526 .0113 .0749 114.8

6 778 16.72 90.7 1.540 .0164 .0751 116.1

7 963 16.38 0 1.351 0 .0745 Cold
Flow

8 962 16.38 53.6 1.328 .0112 .0736 114.0

9 965 16.38 62.9 1.340 .0130 .0743 113.7

10 963 16.63 80.0 1,323 .0168 .0722 114.5

I1 962 16.48 87.4 1334 .0182 .0734 115,7

12 960 16.71 107.6 1.330 .0225 .0721 117.5

13 1224 16.45 70.4 1.201 .0163 .0747 112.9

14 1279 16.60 54.8 1.177 .0129 .0742 111.8

15 1283 16.68 77.3 1.194 .0180 .0750 113.3

16 784 17.86 74.7 2.048 .0101 .0939 118.7

17 964 17.49 71.3 1,751 .0113 .0909 118.1

18 961 17.69 105.6 1.782 .0170 .0913 120.5
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2.3.8 Discussion of Internal Dynamic Pressure Data

Dynamic pressure measurements were obtained at two internal locations (ignitor
and rig diffuser exit) for all J r8D type burners tested at X-4 10 stand. The pur-
pose of these measurements was to obtain the relationship between acoustic
power levels calculated from these measurements and those obtained from farfield
noise data. This section presents internal data from two typical burner configura-
tions (i.e., the JT8D-9 and the J52). Several internal spectra from both locations
are presented and compared to measured farfield spectra at the same conditions.
Acoustic power levels were calculated from the internal diffuser exit data (assum-
ing only plane waves are present) and are compared to the corresponding farfield
acoustic power levels.

2.3.6.1 Internal Spectra

Water-cooled Kulite (Model CQL-080-25) dynamic pressure transducers were
mounted in two locations in the JT8D burners and rig as shown in Figure 2.3-13.
Samples of the JT8D-9 measured spectra from these locations are shown in Fig-
ures 2.3-34 and 2.3-35 for the simulated approach and climb conditions, respec-
tively. The low frequency peak at 100 to 125 Hz noted in the ignitor spectra is
due to burner rig resonance as discussed in Appendix B and does not affect the
combustion noise centered at 500 Hz. The dynamic pressure fluctuations (at 500
Hz) from the ignitor location was typically found to be 2 to 6 dB higher than at
the diffuser location as shown in Figure 2.3-36.

140-

136- --- Ignitor location
1 2 - Diffuser location

132 J RI

Sound resonance '
pressure 126- \ "

level

120

63 125 250 500 1K 2K 4K 8K

Frequency - Hz

Figure 2.3-34 Internal SPL Spectra from the JTD-9 Burner. Simulated Approach (ondi-
lion
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' \ - Diffuser location
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level
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63 125 250 500 1K 2K 4K 11K

Frequency - Hz

fhgure 2.3-35 Internal SPL Spectra From the JT8D-9 Burner, Simulated Climb Condition

140-

00

135- 80
0

500 Hz SPI
01

do oA0  JTI3-31 burner
ZjA a352 bune a

125- 40

'SPL ignitor =SPLggfgur exit

120 _
120 125 130 135 140

500 Hz SPI. (dif fuseor) -dos

Figure 2.3-36 Comparison of 500 Hz SPL. Levels From Two Internal Locations

Several internal 113 octave band SPL spectra from the diffuser exit Kulite are prm
sentcd in Figure 2.3-37. The combustion noise spectra shape characteristics are
seen to be similar for all test conditions and, as shown in Figures 2.3-38 and 2.3-39,
the internal spectra are in good agreement with the generalized fartield JT8D com-
bustion noise spectra shape presented in Figure 2.3-22.
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Figure 2.3-37 Internal JT8D-9 SPL Spectra, Diffuser Location
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Figure 2.3-38 Comparison of Internal and Furfield Spectra. JT8D-9 Burner, Simulated

Approach Condition
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2.3.6.2 Internal Acoustic Power Levels

Although both internal measurement locations are considered to be in the near

field of the combustion noise source, acoustic power levels were calculated from
the spectra measured at the diffuser exit location, where it is assumed that the
acoustic energy is carried only in the plane wave mode. Because of the low Mach
numbers at the rig exit, convection effects can be ignored and the acoustic power

may be represented by

P < > A5  (29)

P5 c5

where subscript 5 refers to conditions at the burner rig exit location. The overall
acoustic power level (in dB relative to 10- 1 2 watts) may be calculated from Equa-
tion (29) by using the spectra shape of Figure 2.3-22 and integrating over fre-
quency. This is expressed in terms of the SPL at 500 Hz as follows:

OAPWL = SPLSOOHz + 10log A 5 + 1010o- 7.5 (30)

in dB relative to 10-12 watts.

so



The internal OAPWL's. calculated from Equation (30) are compared in Figures
2.3-40 and 2.3-41 to tile fartield OAPWL's for the 1TD-9 and J52 burners, re-
spectively. The internal OAPWL's appear to be an average of about 2 dB higher
than the farfield values. This difference may possibly be attributed to the fact
that the diffuser exit location is in the near field of the source. An alternative
explanation may be that the rig exit transmission coefficient is slightly less than
unity. It is concluded that a reasonable estimate of combustion noise OAPWL's
may be obtained from internal measurements at the combustor rig exit. This re-
sult is used in the development of a turbine transmission loss model in Section
4.6.

1250 0

0

80
1200

0

0
0

OAPWL (internal: 1 15

a 419t. 10 " watts) 0

11 0 0 
OAPWLinternal = OAPWLfaried

105 _ J
105 110 115 120 125

OAPWL (farfield)
dB (ref 10- 12 watts)

Figure 2.3-40 Comparison of'Internal and Farliehl Power Levels for JT8D-9 Burner

125

120

OAPWL (internal) ,
d8 (ref. 10-12 watts)

1 6 /OAPWLinternal OAPWLfar field

105
105 110 115 120 125 130

CAPWL(far field) - dB fref 10I' 2 watts)

Figure 2. 3-41 ('omparison of hintrnal and IarJeld Poqwer Lev'els for J52 Burner
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2.4 EXPERIMENTAL VERIFICATION OF ACOUSTIC POWER LEVEL MODEL

Hich prediited comibustion noise OAPWL, as expressed by Eq. (28), is verified in
t li follossing discussion by comparing the predicted variation due to each term in
the equation with the measured variation, using the combustion noise data dis-
cussed in the prekeding section.

2.4.1 Effect of Fuel-Air Ratio

F:gire 21.4-1I presents combustion noise power levels from the isolated JT8D-9
burner is, a funict ion only ot the burner fuel-air ratio, Fb. Both the burner flow
paiaincter and inlet t emperatutre were held constant for this evaluation. Since,
however the burner pressure could niot be controlled independently while still ob-
tainini! desired vales Of the Other parameters, the acoustic power levels in Figure
'.4-1 have been normalized by the predlicted influence of burner pressure. During
the testig, the hurner pressures varied only from 1 5.5 to 1 7.5 psia over the entire
rnOIeL otl operation, with the effect that the normalization is almost inconsequen-
tal lThe slope of I lie data shown in Figure 2.4-1 is seen to be in excellent agree-

ment wkith the predicted influence of fuel-air ratio given in Eq. (28), where noise
levels imirease with the SLire of Fb-

105r .V~A721
pt4 bA4 0.074, T~4  7

0D0

0.0

-2.1 -2.0 -1.V -1.8 -1.7 -1.6

log Fb

P'igure 2 4-I1 Of'ct of 1fuel-Air Ratio Variations On Combustion .Voise Levels, JT8D-9
Burner

2.4.2 Effect of Burner Flow Parameter

Jhe independent effects of burner flow parameter on combustion noise from the
JTY burner ate shown in lIigurc 2.4-2 for two cases of constant fuel-air ratio

and inlet temp~erature. Again, the predicted dependence on flow parameter, from
FEq. (28) is in good agreement with the slopes of both data sets.
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o Fb =O.016 4.T 4 964*R 0
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logWab I Tt4 )

Pt4 A

Figure 2.4-2 Lffrct of Butner Hlow Parameter On Combustion Noise Levels, JT8D-9
Burner

2.4.3 Effect of Burner Inlet Temperature

Figure 2.4-3 shows the independent effects of burner inlet temperature on combus-
tion noise from the three JT8D) production type burners, where fuel-air ratio and
flow parameters were held constant. For standard jet fuel, the value of HfFST/cp
is taken to be 45000R. Although the experimental temperature varied only from
742 to I1220'11, the noise trends shown in Figure 2.4-3 are in good agreement
with the slopes predicted by Eq. (28). It should be noted that as the burner inlet
temperature is increased, keeping all other parameters constant, the combustion
noise levels decrease.

o JTUD.9 Fb = 0.0164
" JT80-17

-5- j52Wab Tt4= 0,074

PREDICTED SLOPE Pt4 Ab

C

3 T 4 -1220*0 T 4 964*11 Tt4 742*R

WC IAPPROACHI

-10

0.65 0.70 0.75 0.30 0.85 0.90
lo IE t1T

C PTt4
figure 2.4-3 Pli ct of Burner ilet Temperature On (Ionbustion Noise Levels
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2.4.4 Effect of Number of Fuel Nozzles

To verify the predicted effect of the number of fuel nozzles on combustion noise,
the J52 four fuel nozzle burner was tested. Since this burner has the same cross-
sectional area and length as the single fuel nozzle burners, Eq. (28) predicts that,
at a given burner operating condition, the J52 burner should be 6 decibels quieter
than the single fuel nozzle JT8D-! 7 burner. A comparison of combustion noise
levels from the J52 and the JT8D- 17 burners is shown in Figure 2.4-4, where the
noise is plotted as a function of the entire parameter of Eq. (28), except the term
involving the number of fuel nozzles. The data from both burners are in agree-
ment with the predicted slope from Eq. (28) and the expected 6 dB difference due
the number of fuel nozzles is evident.

c^ 125 oJTSO-17 BURNER (SINGLE FUEL NOZZLE)
oJ52 BURNER (FOUR FUEL NOZZLES)

00

S 1 0 ,

2-

.""115- 
0

0 00

"' -PRE OICTE SLOPE10 ,,

CD-20 -15 -10 -5

10lo b2pt 2 (*3b Tt. 4~ Hf FST 2  2
1OI.[Ab'"' P4 A~ Cp it4'

Figure 2.4-4 Combustion Noise Level Differences Due to Number of Fuel Nozzles

When the predicted influence of fuel nozzle number is taken into account, the
data shown in Figure 2.4-4 collapse as shown in Figure 2.4-5. Here, the slope of
the combustion noise correlation shown by the solid line is in excellent agreement
with the predictions of Eq. (28).
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Figure 2.4-5 ('omhustion Noisc Correlation. Including Effect of Fuel Nozzle Number

2.4.5 Effect of Burner Pressure

The direct combustion noise acoustic power level model developed in the Section
2.2.2 states that direct combustion noise levels are proportional to burner pres-
sure raised to a power of two. The JT8D rig t, program conducted at X-410
burner noise facility was aimed at evaluating the independent effect of all key
combustion noise prediction terms, except the burner pressure. Two methods of
examining the validity of the pressure term are possible, however. The first
method involves a comparison of internally measured noise spectra from several
JT8D type burners operated separately at low pressure (X-410 stand) and at high
pressures inside full scale engines. The independent effect of burner pressure is ex-
amined by comparing the rig and engine internal dynamic pressure data at constant
values of burner inlet temperature, flow parameter and fuel/air ratio. Two typical
cases (where both internal rig and engine spectra were available) are presented in
this section. The second method for evaluating the predicted pressure term in-
volves the use of farfield engine noise data. This evaluation is discussed in Sec-
tion 4.3 using the data from four P&WA engines presented in Section 4.2.

Measured spectra at the ignitor location inside a production JT8D-17 burner
operating in the JT8D rig and also inside a full scale JT8D-l 7 engine are presented
in Figure 2.4-6. The spectra from both tests are representative of a typical engine
idle power condition. The combustion noise levels (500 Hz peak frequency) re-
corded inside the low pressure burner rig are nearly 10 dB lower than those re-
corded inside the full scale engine. When the measured sound pressure levels from
both tests are normalized by the predicted effect of burner pressure, the two spec-
tra collapse quite well in the combustion noise frequency range, as shown in Fi-
gure 2.4-7. The lack of agreement at low frequencies is due to the rig resonance
phenomenon (see Appendix B) experienced in rig tests at X-410 stand. Inspection
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of similar SPL spectra at other engine operating conditions for this burner indicated

that the predicted effect of burner pressure on combustion noise is valid over a

wide range ol burner pressures.

Cobwtion 0 EnSgu il epatin

150- noise uuer rig idle smiatiles

145

140
SPL
dl 135 1

130 - l toseAUnce

63 125 250 1000 4000
Frequency - mz

Figure 2.4-6 Comparison of Internal Burner Noise Spectra for JT8D-l 7 Burner, Full
Scale Engine Vs. Burner Rig Operation

120 a Eqi. Wb usptim

Now rig ib. sioltim

11s .5 A X, ~ uN

SPLr-q20 Mg pt4 110-

10

93 125 2s0 14o IN 4 e1
Frequecy -. a

Fgure 2.4-7 Effect of Burner Pressure On Internal Combustion Noise Levels Fom a
Production JT8D-1 7 Burner
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Measured spectra from a J52 burner, tested both at X-410 stand and inside a full
scale J52 engine are presented in Figure 2.4-8. Both spectra were recorded at a
takeoff performance condition and show a difference of nearly 25 dB between the
rig and engine internal combustion noise levels. When the measured sound pres-
sure levels from both tests were norn'alied by the predicted effect of burner pres-
sure, the collapse presented in tigure 2.4-1) was obtained. In the combustion noise
frequency range, the normalized levels agree quite well.

The two examples shown in Figures 2.4-6 through 2.4-9 indicate conclusively that
the predicted effects of pressure are correct for the various burners investigated.
Similar results have been obtained at other operating conditions and for other
burners, including the JT8L-9 burner design.

Combustion noise

145

140
0 Engine takeoff operation

SP. 135 - Burner rig takeoff simulation

130

125

120
12: is rsonance

63 125 250 1000 4000

Frequency -Hz

Figure 2.4-8 ('omparison o*f Internal Burner Noise Spectra for J52 Burner, Full Scale
Engine is. Burner Rig Operation

o Engine takeoff @erateo

110 a Burner rig takeoff shoulation
J Combustio

105 noise

SPL-
20 log Pt4  

100

'5
Rill resonance

go

63 125 250 ' 1&0 4000

Frequency - Hz

figure 2- 4-9 Effe, I of Burner Presvure On Internal Combustion Noise Levels From a J52
Burner
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2.4.6 Direct Combustion Noise Acoustic Power Level Correlations

2.4.6.1 Conventional and Aerating JT8D Type Burners

In the preceding discussion. the predictions from the direct combustion noise
power level model, Fq. ( 28), were verifiJed using experimental data from several
JT8D type burners. However, the value of the constant, K3 , in this expression
needs to be determined. A least squares fit of all of the data from the five con-
tional and aerating JT8D type burners, to Eq. (28), resulted in a value of 131.3
for K3 as shown in Figure 2.4-10. The correlation shown in this figure is ex-
pressed by

OAPWL 10 l Ab'p t b

+ HfF) b] + 13 1. 3dB (ref. 10 2 watts) (31)

An indication of the accuracy of this correlation was obtained by calculating the
standard deviation of all the data about the mean correlation line through the data.
This standard deviation was found to be 1 .8 dB.

125- o nwou redce N t
o "U"IT3O- roftee
0 J71- ,7 set, IP' A fool "fill) 0
6 J52 prdtion

120- siTSS-t I r. (lee. Nei Ceu.)

OAPWL 0

110- 0 Combustion nose correlotlon

0 0OAPWL 10 log below #131.3

-20 _10 -10 -5
/ ,.t 42 1

10 lot I-L- (Pt' l Ab)' (wCbt4 Uh I,
SN, \pt4 Ab C Tt4

Rgure 2. 4-10 Combuiion Noise Correlation for Conventional and Aerating Burners
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2.4.6.2 Advanced Low Emissions JT8D-Vorbix Burner

As mentioned in Section 2.3.5, tile combustion noise power levels from the two-
stage, low emission F81)-vorbix burner (Table 2.3-7) were found to be somewhat
lower than the levels from tile JT8D-l 7 production burner. hFile data from the
vorbix burner were found to be in good agreement with predictions of Eq. (28)
when the constant K3 was equal to 130 dB. This is shown in Figure 2.4-11 where
the correlation line for the vorbix burner is given by

OAPWL = 10 log Abpt 4 2 Pt 4 )

( cf~T Fb +130- dB (ref. 10-12 watts) (32)

cpTt4 / bI

The standard deviation of the vorbix data around this correlation is 0.99 dB. Al-
though the vorbix burner contained one primary fuel nozzle and four down-
stream secondary fuel nozzles, the noise levels from this burner were in better
agreement with levels from the single fuel nozzle burners than with those from the
four nozzle J52 burner. It was suggested in Section 2.3 that the heat release rate
fluctuations in the secondary burning regions were related to the fluctuations in
the primary zone, and therefore could not be considered as independent sources
of noise. For this reason, the correlation given by Equation (32), and shown in
Figure 2.4-11, uses Nf = I instead of Nf = 5.

130

o JTl - verbix acoustic
125 power levels

OAPWL 120 -
dB

(ref. 101w a t t s ) 1 1 I0 0 " - 'C l s t o

Comustion noise correlation

110 OAPWL n 10 log below *130.01parameter

105-20 -15 -10 -5a

1111- Pt 2 Ab2 (wa1 ITtf 4 (1 *Hf FST)2 F1']
Hf 4 Pt4 A l p CTt 4  I

Figure 2.4-11 Combustion Noise (orrelation for Low 'missions JT8D - Vorbix Burner
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2.5 INVESTIGATION OF OPTICAL TECHNIQUES

1 he. vcneral " avc eitiatioti t'm the sourul held resultiiie, lion , :)n to a
tlitedint cotitirs seseral riehi hand side sourLce teIi hi I here-l iS eCHrirl agree-
nient that the dominant souetermn hr dirct cortibtstioti it''is piopoitronal
to the time rate of chaLte ot thle tititating hecat releaSe rate It has been found by
scver;dl investi).ators that tile hecat release rate- is related to thiw light intensity of cer-
tanm colibtustion tlission hainds suich as ( 11, C, and 011. By cohlekbing light tromn
tim hurnliun "one. ortik alik tilteirtig to passo. tie (it iliese radkiation bands, and collect-

Igthe result wit iia phioto-lititiphecr tube IT) [ fla tItating eIlctI signal may be
obtawned! [Ie 1uCa vW le wou1C'AMld N, prop~ortional to the average hecat release rate,
a'id the 1ti. tUations lkesult troll the un11Steady COnI)IuStitiri. 13 cectrieai; differen-
tratitie this stenat ksohl respet.' t to timte. a voltage wAoitll be iibtaiiied which is directly
protortiol tt tohe- nibust ton noise soircc. Tis correspondence has been demon-

stratetl( t,) opei thies by cross-coire htinig the diftferen tiated light signal with a
un1clophionc in) the, fat lield. [se ellent correlation ot' the raindomn signals was obtained
s" hen tledl ee, t l hlt signal \vas deLd hy thle acoustic transit time to the
la rtield.

'I here exsists a iteed for sirti li r experinients ['r confined flames such as exist in
ty piw; an c ralt euwireti burners. I hie prinie mtoiivat ion f or these experiments is that
they A~ould allow diagnostic- measurements of the combustion noise source term lo
be obtained during the course Of' burner development programs conducted on con-
yen t jorl homer test rigs anrd con vettional test facilities. In these facilities, mean-
ingful acoulstic meak"sureiieiits are diff icult to obta in because of the con finement of'
the burne r flow& and acouIstic field s IV the rig anil facility.

Accord iuglv as pairt oft the cu rrent contract effort. the use ot optical methods was
vxplored as a ttteans 4w defhininig the radia ted power by measuring the cause (heat
release tate I IIc to At ionls) 1.rather thtan the cI teet. i e- the acoustic pressure in the
I arf'ield ()t tie bitincir A prograrii was excLited to checkout optical instrumenta-
iti suitablet, for imnc(irpmmt tion in systernis for bincuer noise souirce measurement.

Ati open hk wioreh titic "s s u ~d t4) chee'k opera tton of' the equipment. Follow-
Ig thekse. tests. anld :ltidhvsis hs asttade of the specialt reqiremntts of' OptiLaI sensors

and signal proesingti ts 'rks nee- ded to evhitiate thle citubustion noise source
strengt h in bi ruetrgs and engines ' :t aiccoui ll of this investigation, whtich indicates
tile le-asibility tit 1isiitg optricl ti Ids for de -terin iig burinet inoise source charac-
te ristics is given till At petlix C mwl is dt iscussed be low,

I'he propagating actntstr. etierpN ot) CONfisonl germ rated noise, because of its low fre-
querICII Lotte nt is a riiried pritrintty it thle plhant: wave mode. For a center frequency
onl thre irdler of 4001. to St)( Wi, its cliaract eristic NA avelength iii a burner is on the order
o1 4 teet. weasthet, ing it.gtott is typicailly less than at loot long. I'lerefore, it
follow,; ii it thec soutrce catn t1e ( irsidered coiipatct. Unider these conditions, a proced-
tir ic as ivde Appenidix ( ) to :jlibrate' thle light sensor Output in terms of radiated

'iiW / \ Asot giVh I ighit 'Aii r ir Is iitticit to prcd jet the railia ted nioise iii the compact
case.. It the sou1ck. Is no' t comlipie t. mnore than titl sensor is requited, and tire technique
for ealibratitng the sN .1cmi hecortes titutch miore- complex.
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3.0 INDIRECT COrM3USTION NOISE

1 3ACKGROUND

In a typical modern aircraft engine, the flow from the burner into the turbine may
contain fluctuations in temperature and axial velocity. The source of these inhomo-
geneities is the unsteadiness of the combustion process in the burner. When a tem-
perature "hot-spot" passes through the large pressure changes associated with the
turbine a compensating pressure perturbation is generated. The resulting acoustic
signal generated downstream of the burner is highly dependent upon the amplitude
and length scales of the temperature fluctuations originating in the burner, and is
therefore termed "indirect combustion noise".

In the remainder of this section a brief summary is presented (Section 3.2) of various
prediction models described in the literature. A description of a test rig and plan to
study indirect combustion noise is also presented in Section 3.3 with additional
details contained in Appendix 1). Dynamic temperature data obtained at the JT8D-
17 burner exit are presented in Section 3.4, followed by a discussion of how these
dynamic temperature characteristics were correlated with burner operating para-
meters to obtain the inputs required for the use of the P&WA indirect combustion
noise prediction model.

3.2 DISCUSSION OF PREDICTION AODELS

The indirect combustion noise mechanism may be more easily visualized by con-
sidering the schematic illustration shown in Figure 3. 1-!. This figure illustrates the
generation of hot-spots and their convection through the turbine blade rows, together
with the resulting acoustic signal. The governing parameters include the amplitude
and length scales of the hot-spots and the amplitude of the pressure drop through
which the hot-spots convect.

Burner Turbine blades

Full supply - e

Temperature hot-spots formed in the burner \ /
by unsteady combustion

Hot-spots accelerate through blade rows

Indirect combustion noise

Figure 3. 1-1 Schematic Diagran ol the Indirect ('onibustion Noise Generation Process
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A recent paper 1wI)ilsI! Las ShOWn1 thaii AIgilk t t11lJiici ri s III tLIluperature
"Ccur7 il tile 110w c viKt 1h- c 'inuu',ion ,h ambe) III mo~dern at rketlt cngetnes. Since
sign it-]IIIn( tt~fiiI1 :1 till c Ituai OnS hIAVC Ilekn tound IN C ',it. thle Ionep 0CAOf InI-
direLonbsr I 0iIl~k, lolln Pa %mil len forat Ii hc( h i sarved core engine

A brie! of~e w!sver:tI l!pproacs that in tel indirect comistitinoise is pre-
sentcil mi Owi tfl~ ikg pair.irihs.

I mpI %I MarblN I udc tI kimnpst o and Ma iblce19 have modeled the subject noise
nechin 1,I Fourier anal/ ing all aIssumedC temperature pulse and calculating the
interact ioi ot'each Fourier teniperatmnr coimpoflent with the discontinuity (i.e.,
AP, AV, CILe I .reatcd by a juven turbine blade row. An actuator disc assumption
was applied to) ClLh Mibade r w and re-sults were ohtained troi the solution of the
folo%% ing toil ~ I pilt iolus

1 ) G( liscti- 0- t 11 ofmlass

2) (Couservation of encrgy

3) ( oser% ation of- entropy

4) Kutta condition applied at thle blade trailing edge

Phe tenipecrature, hot-spots were assumed to be perfectly correlated over the extent
of the burner canl e,<it. InI general, ('umpsty and Marble predicted that small fluctua-
tions int 1le teiipeiatwre ot the gas entering the pressure drop of a turbine produce
significanit amiounts of nioise. Their results are applicable to cases where the pressure
drop is [cieved by1 turniing of* the tlow through vanies (e.g., as in a turbine) ds op-
posed to flow accelerationl through anl axial nozzle.

lF OWLs-Willianis: I lowe Model - Flowcs-Willianis and Howe( 20 ) considered low
Mcli ntmber steadly flow containing discrete temperature inhonogeneities convect-

ing thr nigh aI dtitt contraction. J hey refer to the dominant noise radiation term
a~s "acoustic b)renisstrithlung" (which translate% as acoustic brake radiation). This
ref'ers to the Ii ftereiitial acceleration through the nozzle of regions with differing
density, and the associated acoustic pulse. A~ limitation of this analysis, if applied
to real engines, ts that the hot-spot is assumed to be fuilly correlated across the duet.
In reality-. this is not (lie ease, as discussed in Section 3.4. The analysis gives an
expression f'or thle aouistic pert urbation pressure which shows the acoustic signal
strength incr--asing with Iincreases fin either area change across the contraction, den-
sity, ratio (iiot sIlit 'col gas), or mecan flow pressure drop across thle contraction.

P&WA Indirect ( obustion Noise Predictionl Model -Thle P&WA indirect com-
bustion noise picilictiou rmode. presented by Pickett in Reference 8, utilizes an
actuiator disc: assuinpl ui applied to each t tirbine blade or vane row. Thle following
five equations are soldwd t Liihicct to ste~ady and unsteady jumlp conditions applied
across the actuiator dlisc I is the basis I'Or the P&WA indirect combustion noise model.
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I. (onservation of ilnas

2. Conservation of inlelnentuin

3. Conservation of energy

4. l-quation of state

5. Second law of thermodynamics

Radiated noise intensity was found to depend on the cha1ige in pressure across the
blade or vane row, and the amplitude and transverse correlation length scales of the
hot-spots. Axial correlation length scales, together with the axial convection veloc-
ity, determine the frequency of noise generated.

Because the P&WA procedure allows the influence to be determined of the correla-
tion length scales on indirect combustion noise levels and frequencies, and since,
as mentioned above, this influence is large, the P&WA procedure was chosen for
use in the current investigation (Section 4.4). The P&WA prediction model has
been programmed for the IBM 360 computer. The required input includes turbine
geometry and steady state performance information, together with the amplitude
and correlation length scales (axial, radial and circumferential) of the hot-spots
entering the turbine.

3.3 PROGRAM FOR EXPERIMENTAL VERIFICATION OF INDIRECT COMBUS-
TION NOISE MEC4ANISiAS AND PREDICTIONS

Although several investigators have made attempts to predict indirect combustion
noise, very little has been done to experimentally verify the existing prediction
methods. This is largely due to:

1. The problem of distinguishing indirect combustion noise from direct combus-
tion noise and other noise sources in a full scale engine.

2. The difficulties of simulating indirect combustion noise mechanisms in model
tests. These difficulties arise from the problems associated with generating
a temperature discontinuity in the flow upstream of a constriction, without
also generating unwanted pressture and velocity perturbations.

A definite need therefore exists to verify both the existence of the indirect com-
bustion noise mechanism and the accuracy of the methods used to predict the
characteristics of this noise, so that its importance in full scale engines can be asses-
sed. As part of the present investigation, an experimental rig was designed and
built and a test program was defined and was to be run for the purpose of obtaining
this verification. lowever, as the dominance of direct combustion noise became
more apparent (see Section 4.5) during the course of the contract, the program was
redirected so that additional work was performed in the area of direct combustion
noise, and the indirect combustion noise verification tests were not conducted.

Details of the experimental rig and proposed test program description are given in

Appendix i),
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3.4 JT8D BURNER RIG MEASUREMENTS OF DYNAMIC TEMPERATURE

One object is of the, co inhulst Ion noise rig testing program at X-4 10 stand was to
determine t he (I ynanuiic tenmperat ure characteristics inside, and at thle exit of a
JT1-8)-t% pc burner. 11wl purpose Of these meaCsu~remnents was to provide thle inputs
reqJuired tO uISC tile CXbitiug P&W A indirect combustion noise prediction model
tsurminarited inl Sect ion 3.2) for thle predict ion of indirect COmbuhLStion noise for
thle 1181) e ugi ne. Ihile analysis oft he t he mnod ynanmiC dat a anld thle d ISCLISSiOnl Of
the results IS aldressed in t Iiis Sect ion.PI li se of these data to determine the re-
Li u ired predict ion Input s is discussed inl Secthin 3.5.

3.4.1 Rig, Instrumentation an] Data Acquisition

Nicasaremlents were made with sixteenl qu1ick-response thermiocouple (QRTC) sen-
sors lo)cateLd at two dxial1 locationls in thle .1181)-I 7 production burner. The subject
burner and instrumlentationl Within the JIT81 burner rig at X-4 10 stand is sche-
maticahlk shown inl li ' res 3.4-1 and 3.4-2. [ouir probes were installed, each having
t ,our temperature sensors. ['he sensors were standhard .003 inch diameter thermno-
couples of plati il LlIm'platinum,11- 1 011 rhodium (type S). rThle sensors were spaced
evenly onl the probes. 0.0 inchles apart. -1 hese thermocouples andl tile associated
frequenLIcyI compensating electronics are Similar to those developed and used by
lDilsf 1 8) to make similar ineasti-xments of dynamic temperatuie-,.

Thec chiarac:teristics of tile teniperature fluctuations leaving thie burner and passing
through thle turbine pressure drop are required for prediction of indirect corntsus-
tion noise. F-or this reason, three of thle probes were mounted at the burner exit
and time remaining probe w~as Installed inside the burner nine inches from the fuel
nouzle fat e a short distance upst ream from thle dilu~tion holes in thle burner liner
tscc l'igure 3.4-2 1.

ORTC probe 3 ORTC probes

/3

/iui 4 QA (Pr~d bis mtaatopt A X- 4 Stamd



SCC2 0

TC 1 'e
"TC., I 7 'C., /

TC- t C.1 h c 1

Burner exit location

Upstream location

Figure 3.4-2 Cross Sectional Views of QR T( Probe Installation At X4 10 Stand

Data were obtained and analyzed from a seven point test matrix that included inde-
pendent variations in flow parameter, fuel-air ratio, and ilet temperature. The
simulated approach power condition was represented in each of these independent
variations.

T'ne thermocouple signals were recorded on a Precision Instrument 2100 tape re-
corder a,.d played back through a compensator circuit which adjusted the response
of tile system to be constant over the frequency range capability of the thermo-
ciuple system (i.e., I to tOO tzt. This range includes the fluctuations of interest
for combustion noise. The data was reduced in the form of auto-correlation, cross-
correlation and spectral plots, In addition, root-mean-square (RMS) fluctuating
temperature levels were obtained.

3.4.2 Test Results

Te simulated approach condition was selected for the most detailed analysis be-
cause it was represented in each performance variation and also because it represents
a condition where noise is of some concern. Thermocouples 3, 5, 6, 7, 8 and I I,
shown in Figure 3.4-2. were selected for use in calculating the hot-spot character-
istics at the burner exit. These thermocouples define both the radial and circum-
ferential characteristics of the fluctuating temperature field. At the upstrean loca-
tion, sensors 13 through 16 were used to calculate the average RMS temperatures
at this location. -llie temperature fluctuations in this region were found to increase
from low RMS values at the c nter of the burner to high values at the outer wall.
Turbulenm-L measurements in this area (Appendix A) suggest unusual flow patterns
and recirculation zones which could possibly explain tile large "ariations in tem-
perature fluctuations at the upstream location. At the burner exit, the burning is
complctd a:d the fluctuating teinperature distribution is more uniform. The
measured RMS temperature fluctuations appear to be generally lower than those
observed by 1)ils( 1' "FaThe remainder of this section concentrates only on the data
at the burner exit location.
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3.4.2.1 RMS Fluctuating Temperatures

Tile variation of RMS temperature fluctuations with flow parameter (constant in-
let temperature and fuel-air ratio) is plotted in Figure 3.4-3, The levels are seen to
he essentially independent of the burner flow parameter.

200-
Inlet temperature, tt, = 964*R
Fuel-air ratio, Fb 0.0112

RMS o-

temperature
fluctuation 50

*F Simulated
approach
condition

25L-
0.05 0.06 0.07 0.08 0.09 0.10

Burner flow parameter

Figure 34-3 [ariation o*f RMS H.ut tuating Temperature With Flow Parameter At the
Burner IEvit

Figure - .4-4 illustrates RMS temperature variations with fuel-air ratio at constant
values of inlet temperature and flow parameter. The temperature fluctuations in-
crease almost linearly with an increase of this parameter. This dependence is
reasonable, since the higher heat release rates associated with higher fuel-air ratios
should result in more unsteadiness.

200
Inlet temperature, Tt4 = 9#411
Flow parameter 0.0740

EMS 100-
temperature
fluctuation Simulated

condition

25 t t 1 J
0.010 0.012 0.014 0.016 0.010 0.020 0.022

Fuel-air ratio, Fb

Figure 3 4-4 Variation oJ RMS Mluctuating Temperature With Fuel-Air Ratio At the
Burner Exit
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Figure 3.4-5 shows that RMS temperature fluctuations are not a strong function
of inlet temperature, Tt 4 . A change of only a few degrees RMS temperature occurs
despite chang's of inlet temperature from approximately 700'R to nearly 1300°R.
Figures 3.4- .irough 3.4-5 indicate that fluctuating temperatures are rather in-
sensitive to how parameter and inlet temperature, but are quite dependent upon
the fuel-air ratio.

200
Fuel air ratio, Fb - 0.0112
Flow parameter 0.0740

RMS 100

temperature
fluctuation

50

Simulated approach condition

25 1 I I j
700 800 900 1000 1100 1200 1300

Inlet temperature - Tt4, °R

Figure 3.4-5 Variation o./'RMS Fluctuating Temperature With Inlet Temperature At the
Burner Exit

3.4.2.2 Spectral Characteristics of Fluctuating Temperature

This section deals with the spectral analysis of the frequency compensated thermo-
couple signals at various JT8D-17 burner exit locations and test conditions. Figure
3.4-6 compares spectra at the simulated approach condition obtained at three cir-
cumferential locations of the same radius at the burner exit. The three spectra are
nearly identical, each peaking at 500 Ilz on a one-third octave band basis. A similar
comparison of spectra in the circumferential direction obtained from the thenno-
couples 1, 5, and 9 at a different radial position showed very similar results.

Althougi no appreciable spectral change appears circumferentially, Figure 3.4-7
shows that changes occur in the radial direction. These spectra demonstrate a
clear increase in fluctuations when traversing radially outward from thermocouple
8 to thermocouple 5. The shape of the spectra of Figure 3.4-7 are similar to those
of Figure 3.4-6, peaking in the 500 1lz range.
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31.61-

Thermocouple
location

Fluctuating
temperature 10.O-

OR o TC #3
O TC #7
OTC#11

3.16_

63 125 250 500 1K 2K 4K 8K

Frequency -Hz

Figure 3.4-6 Spectral Variation In the Circumferential Direction At the Burner Exit,
Approach Condition

31.6 Outer radius Thermocouple location

Fluctuating
temperature io.o4 Innn adius

OR

0 TCS 9
O TC 7

3.16 _
63 125 250 500 1K 2K 4K Sk

Frequency - Hz

Figure 3 4- 7 Spectral ariaiion In the Radial Direction At the Burner Evit, Approach
Condition

The independent variation of spectral characteristics with different performance
parameters is considered next. Figure 3.4-8 shows a comparison of three spectra
measured near the center of the burner exit for three different values of flow
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parameter (constant inlet temperature and fuel-air ratio). These spectra are nearly
identical. Thus, in addition to the RMS fluctuations being insensitive to changes
in flow parameter, the spectral distribution aise appears to be insensitive to these

variations. ,

31.61 Thermocouple location

Fluctuating Fb  0.0112temp 10.0- Tt4 964*R

0l0

0 0.015

6 0.0125
3.16F 1 1. 1 1 1

63 125 250 500 1K 2K 4K 8K
Frequency - Hz

Figure 3.4-8 Variation of Fluctuating Temperature Spectra With Flow Parameter At the
Burner Exit

Figure 3.4-9 shows spectra measured at constant flow parameter and inlet temper-
ature, but three different fuel-air ratios. From Figure 3.4-4 it was shown that the
RMS temperature increases with fuel-air ratio. Figure 3.4-9 shows that this increase
is very uniform over all frequencies.

100-

Thermocouple location

31.6•

Fluctuating
temp Flow parameter =0.0740

.2 SyM'mbl el-alr ratio T1 -= 964*R
10.0 - 0_ 0112 \

€* 0.0114

0 0.0220

3.1
63 125 20-500 K- 2K 4K SK 12K

Frequency - Hz

Figure 3.4-9 Variation of Fluctuating Temperature Spectra With Fuel-Air Ratio At the
Burner Exit
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The independent effects of inlet temperature is shown in Figure 3.4-10. Some
small differences exist but the variation is only a few degrees, and is once again
nearly constant for all freque-icies. Although a trend toward lower fluctuations is
observed with increasing inlet temperature, the variation is quite small.

The analysis of spectra at all measurement locations and test conditions suggest a
nearly constant spectral shape which peaks at about 5001Hz, and decays sharply
after 1000 Hz.

31.6
Thermocouple location

Fluctuating Symbol Inlet temp.
temp 10.0 0 742OR

.R  a 964°R
0 1286°R

Fb = 0.0112
Flow parameter = 0.0740

63 125 250 500 1K 2K 4K OK

Frequency - HZ

Figure 3.4-10 Variation of Fluctuating Temperature Spectra With Inlet Temperature At
the Burner Exit

3.4.2.3 Correlation Length Scales

A significant number of signal auto and cross correlations of the temperature data
were required to allow calculation of the axial and transverse correlation length
scales of the hot-spots at the JT8D-I 7 combustor exit plane. Figure 3.4-11 illustrates
the manner in which the axial correlation lengths of the hot-spots were calculated
from the auto correlations of the thermocouple signals. Since the normalized cor-
relation function follows a Gaussian distribution, the integral time scale, r, is de-
fined to be the time increment at which the function assumes the value of l/e.
Multiplication of this time scale by the convection velocity in the axial direction
provides the axial length of the correlated temperature region.
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Normalized
correlation
coefficient
1.0

Normalized
auto correlation -

0.

t
Delay time

Figure 3.4-1! Determination of Hot-Spot Correlation Length Scales In the Axial Direction

Calculations of the hot-spot length scales in the radial and circumferential directions
are performed in a different manner. These calculations require signal cross-correla-
tion coefficients between two spacially separated thermocouples, in addition to the
auto-correlation. Figure 3.4-12 illustrates the relationship between the auto-correla-
tion of the signal from thermocouple number 8 (T.C. #8) and the normalized
cross-correlation functions obtained by cross-correlating the signal from thermo-
couple number 8 with other thermocouples in the radial direction. Each function
shown on Figure 3.4-12 is symetrical and peaks at zero delay time indicating a
lack of skewness of the hot-spots as they convect through the bumer exit.

N Normalized
correlation

1.01 coefficient

Auto correlation /
of TC#8 \I

05 ,Cross correlation of0"- %TC#8 & TC#7

Cross correlation of Cross correlation of

-3 -2 -1 0 1 2 3

Time delay,r - ms

Figure 3.4-12 Relationship of Correlation Data In Radial Direction, Simulated Approach
Condition
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The transverse hol-spot length scales are determined by plotting the peak correla-
tion coefficients of Figure 3.4-12 as a function of sparation distance as shown in
Figure 3.4-13. From the (;aussian distribution shown in tigure 3.4-13, the correla-
tion length scales are found in a manner similar to that used to determine the axial
length scales. The procedure illustrated in Figures 3.4-12 and 3.4-13 was used for
calculation of length scales in both the radial and circumferential directions.

R Normalized
correlation

coefficient

1 Correlation length scale
.38

0.6 1.2 1.8
Sensor separation distance - inches

Figure 3, 4-13 Determination of('or, lation Length Scales In Radial and Circumferential
Direction

Figures 3.4-14 through 3.4-16 are plots of the correlation length scales versus the
three independent performance parameters. [he correlation length in the axial
direction is always the longest, and the correlation length in the radial direction is

always the shortest. lie overall variation of correlation length is not large. Figure
3.4-14 indicates an increase in the length scales in all directions when the flow para-
meter is increased. Very little variation occurs with changing fuel-air ratio, as
shown in Figure 3.4-15, and a slight decrease in correlation lengths occur with in-
creasing inlet temperature as shown in Figure 3.4-16. Throughout the range of
operating conditions, the correlation length scales at the burner exit were between
0.60 and 2.5 inches. The most erratic variation occurred in the circumferential
direction. Typically, the correlated regions at the burner exit were approximately
2.5 inches long in the axial direction, 0.75 inches in the radial direction and 1.75
inches in the circumferential direction.
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Figure 3.4-14 Variation of Hot-Spot Length Scales With Flow Parameter
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Figure 3.4-15 Variation of ftto-Spot Length Scales With Fuel-Air Ratio
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Figure 3.4-16 Variation of'lot-Spot Length Scales With Inlet Temperature
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3.5 CORRELATIONS OF JT8D HOT-SPOT CHARACTERISTICS

The P&WA indirect combustion noise model indicates that acoustic signals associ-
ated 'Aith unsteady temnperatures convecting through the turbine are highly de-
pendent on the amplitude and correlation length scales of the fluctuations. The
model requires these amplitudes in degrees RMS and length scales (in all three
directions) as input, in addition to pertinent turbine performance information.
The required turbine performance information is frequently available for a specific
engine, but details of the temperature inhomogeneities convecting from the burner
to the turbine are not generally known. For this reason the results of the dynamic
temperature measurements discussed in Section 3.4 were correlated with burner
performance data to determine a set of empirical equations that describe the tem-
perature inhoinogeneities at the burner exit in terms of independent burner oper-

ating parameters. hese correlations are presented in this section.

3.5.1 RMS Fluctuating Temperatures

It was shown in Section 3.4 that RMS fluctuating temperatures at the exit of the
JT81)- 7 production burner were essentially independent of burner flow parameter
and inlet temperature and depend primarily upon the fuel-air ratio, Fb. Figure
3.5-1 indicates that RMS temperatures are linearly dependent upon fuel-air ratio.
This direct proportionality results in the following relationship

T RMS = 59 00Fb - aR (33)

where T RMS is the RMS fluctuating temperature of the hot-spot in degrees Rankine.
The fuel-air ratio is approximately proportional to the temperature rise across the
burner. i.e..

h -cp J t5 - Tt 4 ) 34)

1- 5900 F3-- 0.089 (Tt TI

100

T I s

50

0 0.005 0.010 0.015 0.020 0.025

Burner fuel-air ratio, Fb
Figure ?.5-I ( inrrelattn of llot-Spot RMS lt-npuerature Mulhctuations At the Exit of the

J1I1) 17 Burner
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Using typical values of cp and fuel heating value, ltf, the relationship between
temperature fluctuations and burner temperature rise may be written as

TRMS = 0.089 (Tt 5 -- Tt4) (35)

The RMS temperature fluctuations are, therefore, equal to approximately 9% of
the temperature rise across the burner. Although the current rig tests were con-
ducted at constant ressure, similar measurements in high pressure rig ( 2 1 ) and in
full scale engines 1 do not indicate that tile burner pressure exerts a strong influence
on the dynamic temperature characteristics at the burner exit.

3.5.2 Dynamic Temperature Spectrum

The spectral shape of the fluctuating temperature was found in Section 3.4 to be
nearly constant for all performance conditions, and always peaked near 500 Hz.
Figure 3.5-2 shows the suggested fluctuating temperature spectrum which repre-
sents an average of those measured.
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0.316-

0.02 , , t i _j
63 125 250 500 1000 2000 4000 8000
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Figure 3.5-2 One-Third Octave Spectrum for Temperature Fluctuations At the Exit of
the JTSD-I 7 Burner

3.5.3 Correlation Length Scales

It was also found in Section 3.4 that correlation length scales were independent of
burner inlet temperature and fuel-air ratio, but were approximately proportional
to the burner flow parameter. A plot of correlation length scales versus flow para-
meter is shown in Figure 3.5-3, together with the lines of proportionality which
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best fit the data. The direct proportionality of Lx with flow parameter is not sur-
prising since the finding of constant peak frequency requires such a relationship.
The resulting equations which govern the hot-spot correlation lengths for the
JT8D-l 7 burner, as determined from Figure 3.5-3, are:

Lx = 22.2 wab/t4

Pt 4 Ab

LO = 17.5 b AT4 (36)
Pt 4 Ab

LR = 10.0 WbAt 4

Pt 4 Ab

where the correlation lengths are given in inches.

3.0
o fililil th seam. L
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Figure 3.5-3 Correlation of Hot-Spot Length Scales At Exit of the JT8D-I 7 Burner

These correlations were used to define the correlation length scales and the RMS
amplitude of the temperature fluctuations for the JT8D-109 engine so that predic-
tions of indirect combustion noise could be made. These predictions are discussed
in Section 4.4, where an evaluation of the unportance of indirect combustion noise
is discussed for the JTBD-If) engine.
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4.0 ENGINE COMBUSTION NOISE INVESTIGATION

In this section, internal dynamic pressure and farfield combustion noise data
are presented for four P&WA turbofan engines. These engines (i.e., JT81)-109,
JT9D-7A, JT9l)-70 and prototype T10D) include both low and high bypass
ratio designs with annular and can-type burners, together with P&WA's most
advanced prototype high bypass ratio engine. The internal data is used to
demonstrute that combustion noise is the dominant source of core engine
noise. In addition, the prediction systems for direct and indirect combustion
noise, described in the preceding sections, are evaluated by comparing with
the farfield data, and the dominant combustion noise mechanism is identified.
Next, an analytical model is presented for predicting the combustion noise trans-
mission losses that occur across the turbine. This model is evaluated by coil-
paring data from isolated burner rigs with combustion noise data from full
scale engines.

Finally, a summary of the final combustion noise prediction model is pre-
sented, a sample application is discussed, and the parameters that control coil-
bustion noise are identified.

4.1 DESCRIPTION OF P&WA ENGINES AND NOISE TEST FACILITY

[he four P&WA engines discussed in this section were tested at P&WA's X-3 14
outdoor noise test stand, shown in Figure 4.1-1 and described in Reference
22. Noise measurements at this test stand may be obtained using either

elevated or ground plane microphones. Since combustion noise occurs pri-
marily at frequencies below several thousand litz, ground plane inmicrophones
mounted I '2-inch ahove a hard sphalt surface were used, which eliminate
spectral distortions due to ground reflecLion effects. Ireefield definitions w.crc
obtained 'ron; the measured data by subtracting (.0 dLB I'roin the lnCa',tturCd
spectra. An illustration of the test stand, showing the microphn e h ca tions ',
presented in Figure 4.1-2.

I ieuro ! 1-1 J' f, .I ()uI,,,r I ,m' .\,,t I I ,t i
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Fi7gure 4.1-2 X-314 Outdoor Noise Stand

The JT8D-109 engine is shown in Figure 4.1-3 installed at X-314 test stand.
This engine was configured with a forced mixer which mixes the high velocity
primary airflow with the slower velocity fan airflow, thereby reducing the jet
noise levels and enabling a clear combustion noise definition to be obtained
over a large range of thrust levels. The JT8 D- 109 engine contains nine separate
burner cans (identical to the JT8D-9 burner tested in separate rig tests), one of
which is shown in Figure 4.1-4.

figure 4. 1-3 JT8D-109 Mountled A t X-314 Stand
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figure 4.1-4 Cross-Section of JT8D-109 Burner

The JT9D-7A engine is shown in Figure 4.1-5 mounted at X-3 14 test stand.
This engine has an annular type burner with 20 fuel nozzles, as shown in
Figure 4.1-6.

Figure 4.1-5 JT9D-7A Mounted AtX-314 Stand
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Figure 4.1-6 Cross-Section of JT9D- 7A Burner

The JT9D-70 engine is shown in Figure 4.1-7 mounted at X-314 stand. This
engine incorporates an annular type burner, also with 20 fuel nozzles. A sketch
of the JT9D-70 burner with its bulkhead front end is presented in Figure
4.1 -9. This burner is somewhat shorter than the 3T9 D-7 A burner.

Figure 4.1-7 JT9D-70 Mounted At X-314 Stand
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Figure 4.1-8 Cross-Section of JT9D-70 Burner

The JTIOD (prototype) engine is shown in Figure 4.1-9 mounted at X-314 test
stand. The test configuration included a treated fan inlet, and fan exit flow
diverter ducts, the purpose of which were to isolate the combustion noise from
other engine noise sources. The JT I OD-prototype burner, shown in Figure
4. 1-10 is annular and contains 12 primary and 36 secondary fuel nozzles. The
fuel and air are premixed and prevaporized prior to entering the burning region.

Figure 4.1-9 JTIOD Prototype Engine Mounted At X-314 Stand
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Figure 4.1-10 JTIOD Premix Burner

4.2 SUMMARY OF ENGINE COMBUSTION NOISE DATA

Combustion noise characteristics (including combustion noise spectra,
directivities and overall acoustic power levels) from farfield measurements are
presented in this section for the P&WA JT8D-109, JT9D-7A, JT9D-70 and
prototype JTI0D engines. These farfield noise characteristics were determined
after the jet noise spectra for each engine were defined for each condition and
angle and subtracted from the total low frequency noise spectra. Internal
dynamic pressure data from two engines (IT8D-109 and JT9D-7A) recorded
inside the burners and at selected locations downstream in the exhaust ducts
are also presented. The internal dynamic pressure measurements from the
JT8D-109 engine were recorded simultaneously with farfield signals. Results
from cross-correlations of internal and farfield signals are also discussed, which
show that the combustor is the source of low frequency core noise.

4.2.1 Farfield Noise Characteristics

4.2.1.1 JTBD-109 Engine

Figure 4.2-1 shows several farfield measured spectra, typical of those used to
define the combustion noise characteristics of the JT8D-109 engine. The nor-
malized 1/3-octave band combustion noise spectra shape, derived by examina-
tion of many measured spectra, is shown in Figure 4.2-2 and is centered around
the 400 Hz 1/3 octave band. This spectra shape was found to change very little
with either angular location or engine speed. This combustion noise spectrum
shape was next combined with both the predicted jet noise and the measured
spectra to define the level of combustion noise, an example of which is shown
in Figure 4.2-3. Combustion noise levels were determined in this manner for
each farfield angular location and engine test condition. From the combustion
noise levels at each angle, a general normalized directivity pattern was derived
for the JT8D-109 engine and is presented in Figure 4.2-4.
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Figure 4.2-1 Typical Measured Spectra for the JT8D-109 Engine, 1200 Farfield Location,
150 foot radius
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Figure 4.2-2 JT8D-109 Combustion Noise Spectral Definition
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Figure 4.2-3 JT8D-109 Combustion Noise Spectral Definition Compared to Measurod
Data, 1200 Farfield Location, 150 Foot Radius

frootlo OASl at 150 fast radinW
OAPWL relative to 10"12 watts

-3'-

OASPL - 42-

OAPWL
dO -46-

-5.

o to 110 120 130 140 150

Inlet ml - depees

Figure 4.2-4 JT8D-109 Combustion Noise Directivity

The acoustic power levels (OAPWL) at each engine test condition were de-
termined by numerically integrating the combustion noise over all frequencies
and farfield angles (using the spectral and directivity characteristics of Figures
4.2-2 and 4.2-4) and are presented in Table 2.4-1.
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TABLE 4.2-1

JTBD-109 COMBUSTION NOISE POWER LEVELS

Engine Combustion Noise
RPM (N1 ) OAPWL (ref 10-12 watts) dB

2999 123.6
3702 126.6
4297 129.1
4789 131.8
5199 133.6
5499 135.1
5783 136.8
6096 138.9
6414 141.6
6798 142.6
7427 144.2
7669 145.4

4.2.1.2 JT9D-7A Engine

Typical farfield measured spectra at several JT9D-7A engine test conditions
are shown in Figure 4.2-5 for the 120 degree measurement location. The com-
bustion noise spectra shape was defined after examination of many measured
spectra, primarily at the low engine speed conditions where the jet noise levels
were low. Figure 4.2-6, shows the resulting MT9D-7 A combustion noise spectral
definition. The peak frequency was consistently between the 250 and 315 Hz
1/3 octave bands.

2412 INM

S4- 21511PI

'U A', 1817 RPM
so *0 1704 RPM

m 1108 RPM

1 72-7106P

* I i I I

63 125 256 50 IX 2K
Frequecy - Nz

Figure 4.2-5 Typical Measured Spectra for the JT9D- 7A Engine, 1200 Farfield Location,
150 Foot Radius
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Figure 4.2-6 JT9D-7A Combustion Noise Spectral Definition

In a manner similar to that used for the JT8D- 109, the combustion noise
spectral definition was used in conjunction with jet noise predictions to deter-
mine the combustion noise levels for each farfield location and engine condi-
tion as illustrated in Figure 4.2-7. These levels were then used to identify the
combustion noise directivity characteristics for the JT9D-7A engine, which are
shown in Figure 4.2-8. The directivity pattern was observed to narrow as the
engine RPM increased and therefore three directivities are shown. These direc-
tivities correspond to RPM's equal to or below 1400, between 1400 and 2100,
and equal to or greater than 2100. One likely explanation for this change in
directivity is the differences in the refraction of acoustic waves that occur
with increases in primary exit velocity or temperature. This trend has been
noted previously in the directivity patterns from the JT8D component burner
tests at X-410 Stand (Section 2.3.5).

Acoustic OAPWL's at each engine test condition were determined by
numerically integrating the combustion noise over all frequencies and farfield,
angles and are tabulated in Table 4.2-2.
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Figure 4.2-8 JT9D- 7A Combustion Noise Directivity
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TABLE 4.2-2

JT9D-7A COMBUSTION NOISE POWER LEVELS

Engine Combustion Noise
RPM (N 1 ) OAPWL (ref 10-12 watts)dB

1106 125.8
1195 127.0
1400 128.4
1569 130.0
1704 130.6
1817 131.1
2151 132.7
2412 133.9

4.2.1.3 JT9D-70 Engine

Measured spectra from the 120 degree farfield location are presented in Figure
4.2-9 for three JT9D-70 engine test conditions. The combustion noise is clearly
visible in the mcasured spectra only at these low engine speeds. Figure 4.2-10
shows the derived combustion noise spectral definition which was found to
change very little with farfield location or engine speed. The combustion noise
peak frequency was between the 315 and 400 Hz 1/3 octave bands.
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FAure 4.2-9 Typical Measured Spectra for the JT9D- 70 Engine, 1200 Farfield Location,

150 Foot Radius
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Figure 4.2-10 JT9D-70 Combustion Noise Spectral Definition

The combustion noise spectral definition together with the jet noise predictions
were used to determine the combustion noise levels at all angles. A typical

example is shown in Figure 4.2-11. Analysis of the data at angles ranging from

90 to 150 degrees indicated a directivity change with eligine test condition.
Three directivities were selected to define the farfield noise characteristics as

shown in Figure 4.2-12. The changes in directivity are similar to those shown
in Figure 4.2-8 for the JT9D-7A engine.

s Masured spectrum at 1405 RPM
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Figure 4.2-11 JT9D-70 Combustion Noise Spectral Definition Compared to Measured
Data, 1200 Farfield Location, 150 Foot Radius
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Figure 4.2-12 JT9D-70 Combustion Noise Directivity

OAPWL's were calculated for three low engine thrust conditions by
numerically integrating the combustion noise over all frequencies and angles,
and are shown in Table 4.2-3.

TABLE 4.2-3

JT9D-70 COMBUSTION NOISE POWER LEVELS

Engine Combustion Noise
RPM (N 1) OAPWL (ref. 10-12 watts) dB

877 119.0
1405 123.7
1713 125.1

4.2.1.4 JT10D Prototype Engine

Measured 1/3 octave band spectra at the 120 degree farfield location are pre-
sented in Figure 4.2-13 for the JTIOD prototype engine at four low power con-
ditions. The 160 Hz peak evident in the spectra is a tone, the frequency of
which is related to I revolution of the high spool rotor. This tone is unrelated
to the combustion process, and was therefore removed in the analysis of the
data. The combustion noise spectral definition was obtained from measured
data at low engine thrust conditions and is shown in Figure 4.2-14 where the
peak frequency is seen to be centered around the 500 Hz 1/3 octave band.
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Figure 4.2-13 Typical Measured Spectra for JTI OD Prototype Engine, 1200 Farfield
Location, 150 Foot Radius
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Figure 4.2-14 JTIOD Prototype Combustion Noise Spectral Definition

The combustion noise spectral definition, together with jet noise predictions,
were used to determine the combustion noise levels at each farfield location
and engine test condition, as illustrated in Figure 4.2-15. Figure 4.2-16 shows
the directivity pattern obtained from the farfield noise data. The pattern was
found to be fairly constant for the four test conditions considered.
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Figure 4.2-16 JTJOD Prototype Combustion Noise Directivity

OAPWL's were calculated for four engine speeds by numerically integrating
the combustion noise over all frequencies and farfield angles and are tabulated
in Table 4.2-4.

TABLE 4.2-4

JTIOD PROTOTYPE COMBUSTION NOISE POWER LEVELS

Engine Combustion Noise
RPM (N1 ) OAPWL (ref. 10- 12 watts) dB

2084 121.6
2617 122.9
3034 123.7
3380 124.5
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4.2.2 Internal Dynamic Pressure Data

Internal data from two engines (JT8D-109 and JT9D-7) were obtained inside
the burners and at selected locations along the primary flowpath. In this
section, a detailed discussion is included of the instrumentation used to measure
the internal noise levels, together with a description of the locations of this
instrumentation, and several samples of the measured data. Data from both
engines will be used in Section 4.7 to evaluate the turbine transmission loss model
developed in Section 4.6. The internal JT8D-109 data presented here were
recorded simultaneously with farfield signals at the outdoor test facility for
use in source location studies using cross-correlation techniques (see Section
4.2.3).

4.2.2.1 Dynamic Pressure Instrumentation

Internal noise measurements were obtained with internal flush mounted Kulite
differential pressure transducers (type XCQL-5-200-25D and XSL-1 1-093-25D)
as described below:

I. Transducer type XCQL-5-200-25D is configured for use in a high pressure,
high temperature environment (such as in burner).

a. High pressure applications - The transducer is vented on the measure-
ment side of the pressure sensing diaphragm through a tubing system
that is designed to allow the pressure at both sides of the diaphragm
to equalize for very low frequency fluctuations (below approximately
25 Hz). The diaphragm then senses the small pressure fluctuations at
higher frequencies in the burner. This system (Figure 4.2-17) enables
a thin diaphragm, low pressure Kulite to be used in a high pressure
environment, while maintaining a flat frequency response above about
25 Hz.

b. High temperature applications - Transducers installed in hot areas are
protected by Kistler water cooled adapters, Model 616M, as shown in
Figure 4.2-18.

2. Type XSL-! 1-093-25D Kulite transducers are used in lower pressure engine
environments (i.e.. the fan inlet and discharge ducts, turbine exit and tail-
pipe reas). These transducers are protected from heat by Kistler Model
616M water cooled adapters.
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Figure 4.2-17 Kulite Pressure Transducer With Vent Tube

(A) Kulite transducer adapter ass'y V Ignitor probe ass'y
( Low pressure applications H igh pressure ass'y

Figure 4.2-18 Typical Water Cooled Kulite Installation

4.2.2.2 JT8D-109 Internal Measurements

Dynamic pressure signals were recorded at seven axial locations inside the
JT8D-109 engine. These locations were selected to enable later source location
studies using cross-correlation techniques. Measured spectra from three locations
in the engine are presented. The test program for this engine included several
performance settings, ranging from idle to takeoff thrust.
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The 1/3 octave SPL spectra from the burner igniter Kulite are presented in
Figure 4.2-19 for three engine speeds. The peak is centered around 400 to 450
Hz at all speeds, as is the farfield combustion noise. The 1/3 octave spectra
measured at the forced mixer location are shown in Figure 4.2-20 at the same
engine speeds. As in Figure 4.2-19, a peak appears near 400 to 450 Hz and
becomes less visible as the engine RPM increases due to aerodynamic noise
contamination. The peak in the spectra is not as clear from the tailpipe data, as
shown in Figure 4.2-2 1. Still, at the lower RPM settings, the combustion noise
peak appears to be contributing in the 250 to 800 Hz range.
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Figure 4.2-19 Internal Kulite Spectra for the JT8D-109, Ignitor Location
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Figure 4.2-20 Internal Kulite Spectra for the JT8D-109. Forced Mixer Location
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Figure 4.2-21 Internal Kulite Spectra for the JT8D-109, Tailpipe Location

The combustion noise peak SPL levels are shown in Figure 4.2-22 as a function
of axial distance from the burner igniter. This figure gives some indication of
transmission losses thru, the turbine and will be used in Section 4.7 to evaluate
the transmission loss model.
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4.2.2.3 JT9D Internal Measurements

Internal pressure signals were recorded at four axial locations in the JT9D
engine, shown in Figure 4.2-23. The test program included engine power
settings varying from low approach to takeoff thrust levels.
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I ltrl lt varpsme cki
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Figure 4.2-23 Internal Transducer Measurement Locations for the JT9D Engine

Although many of the dynamic pressure spectra obtained inside the engine
were dominated by high flow noise levels, combustion noise characteristics
were visible at selected locations and speeds below 2982 RPM (high approach).
The 1 /3 octave band SPL spectra inside the burner (Figure 4.2-24) give the
clearest indication of the combustion noise spectra shape. Generally, the com-
bustion noise spectra peaked near 3 15 to 400 Hz, as in the farfield. Aero-
dynamic noise levels dominated the signals in the two tailpipe locations.
Figures 4.2-25 and 4.2-26 shows the 1/3 octave band SPL spectra recorded at
the upstream and downstream tailpipe locations.

Maximum sound pressure levels at the combustion noise peak frequency of
315 Hz were obtained from Figures 4.2-24, 4.2-25 and 4.2-26. These values,
in some cases, indicate only the maximum possible SPL the combustion noise
may have since the aerodynamic noise sometimes dominates. These levels are
shown versus the axial distance from the burner ignitor in Figure 4.2-27. Al-
though these SPL levels do not indicate true combustion noise levels, an indica-
tion of the magnitude of the turbine attenuation for the JT9D may be obtained.
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A9gure 4.2-24 Internal Kulite Spectra for the JT9D, Burner Location
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Figure 4.2-26 Internal Ku lite Spectra for the JT9D, Tailpipe, Downstream Location
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Figure 4.2-27 Max 1/3 Octave SPL Level (3)5 Hz) Inside JT9D Engine

4.2.3 JTSD-109 Cron-Correlation Studies

This section reviews the results of signal cross-correlation studies conducted on
the JT8D-109 engine tested at the X-3 14 outdoor noise test facility. Acoustic
pressure signals were recorded simultaneously from an array of farfield ground
plane microphones at a radius of I50 ft from the engine centerline and from
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several Kulite pressure transducers located inside tile engine (i.e., upstream of
the burner, inside the burner and in the exhaust duct downstream of the tur-
bine). ('ross correlations were performed between each of tile internal dynamic
pressure signals with the signal from the 120' farfield microphone. The
associated time delays were then used to determine and verify that the burner
is the primary source of core engine noise.

Kulite pressure transducers were mounted at seven axial locations inside the
JTSI)-l09 engine. Several internally measured spectra were presented in
Section 4.2.2. Typical cross-correlation diagrams between the 1200 farfield
and three internal dynamic pressure signals (aft tailpipe, forward tailpipe and
ignitor locations) are shown in Figures 4.2-28, 4.2-29 and 4.2-30, respectively.
The large positive cross-correlation peak occurring in Figure 4.2-28 occurs at
a time delay (r) of 130.6 milliseconds. which corresponds precisely to the
time for an acoustic wave to travel from the tailpipe Kulite to the 1200 farfield
location, more than 150 feet away. The large correlation peak in Figure 4.3-30
occurs at a time delay of 143.0 milliseconds, indicating that it takes 6.4 milli-
seconds longer for the signal to travel from the igniter to the farfield than from
the tailpipe to the farfield. In fact, this 6.4 milliseconds was calculated to be
the time for an acoustic wave to propagate (at the speed of sound plus the
convected speed) from the burner to the tailpipe exit. Figure 4.2-31 shows a
summary of the time delays as a function of axial distance from the burner
igniter for three different engine speeds and several transducer locations in-
cluding one upstream of the burner. The slope of the line fitted through the
7200 RPM data (shown in Figure 4.2-31 ) corresponds closely to the calculated
acoustic wave velocity (speed of sound plus convected velocity) of approxi-
mately 2450 ft/sec. The slopes indicated by the data from all three speeds
are similar, with the relative differences attributable to changes in the acoustic
wave propagation speed. In all cases, the signal took longer to get from the
burner to the farfield than from any other location. If the noise source was
located upstream or downstream of the burner, this would not be the case.
These results provide strong evidence that core engine noise is dominated by
combustion sources in turbofan engines.
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4.3 ENGINE EVALUATION OF DIRECT COMBUSTION NOISE PREDICTION
MODELS

In this section, the prediction models developed in Sction 2.2 1i r d'Tct
combustion noise peak frequencies and acoustic power levels art' i' dii t'd hy
comparing with the full scale engine noise data discussed in Sc ton 4 2.

4.3.1 Peak Frequency Model

The nonmalized combustion noise spectral d ChII 1i0io, .. SPI Ih' i,
normalized by OASPL; frequencies nonnahicd % f L ohtaintd II Sec (fon
4.2 are presented in Figure 4.3-1 for the four P&WA turhotan encine, mid ,Ir
the JT8D burner rigs tested at X-410 stand. The charactenstiks of ti, ,, ,m-
bustion noise spectra arc summarized below

1. The normalized combustion noise spectra from all four ACy rie 1 ic 1iar.
and agree well with the JT9l) combustion noise speictra obtained trom rig
tests.

2. The combustion noise peak frequency, fC" is differe-nt for each engine

3. For a given engine, the combustion noise peak lrequency I, c ,ntialv
constant over the engine operating range, consistent with the results of the
JTBD burner component tests, and with the predictions from the peak fre-
quency model.

4. Combustion noise spectral characteristics aic Cndcpe'ident of farfield
location.

-4
--- TSD-109 (ic 400 Hzl
- JT90-7A Ifc " 280 Hz)

-8 J-- T9D'70 (fc 360 Hz)
-- ITIO0-DEMO (fc 500Hz)

JTD BURNER
-12 RIG TESTS 11c = 500 Hz)

f" PEAK FREQUENC Y"44 6 ,;',,/1 1

1_ / I I I I I i a \\ :'A . _.j-10-8 -6 -4 -2 fc *2 #4 6 81 *1,12
NORMALIZE FREQUENCY

(NUIMBER OF 1/3-OCTAVES FROM fcl

Figure 4.3- 1 .Nornalizc'd ('oinhitiott Noi.se Spectra
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The expression derived in Section 2.2 for combustion noise peak frequency,
Eq. (11). contains a proportionality constant Kf which was stated to be de-
pendent on burner type. Figure 4.3-2 plots the measured values of fc versus
the right hand side of Fq. ( I I), for both can-type and annular burners, using
data from JT8D rig tests and five turbofan engines. The data for can-type
burners are seen to fall along one line, and data for annular burners along
another, as predicted by the model. Values of the constant Kf are seen to be
8 and 3, respectively, for can-type and annular burners. The trend toward
higher frequencies for smaller volume burners is evident for the JT9D-7,
JT9D-70 and JTIOD-prototype engines. The "rer' condition (or design point)
was taken to be takeoff power for the cases shown in Figure 4.3-2.

Oraf" CONDITION = TAKE-OFF POWER
Boo - CAN-TYPE BURNERS

.o p --A,T , 
I

500-J89RI
o JT8.109 ITl00 PROTO

cA3Z400- 0 JT30 ANNULAR BURNERS

1 JU JT 90-7 0
me 3.00-

10 oo /I lot tan-type burners
3 for annular burners

50 100 150 200
Rif Wi) 1 ,SEC'
Cp Pt. .et AbLb

Figure 4.3-2 Combustion Noise Peak Frequency Correlation

4.3.2 Acoustic Power Level Model

The predicted combustion noise OAPWL, as expressed by Eq. (28) in Section
2.2, was verified in Section 2.4 by comparing with rig data from several JT8D
type combustors, where the constant, K3 , in Eq. (28) was shown to be equal
to 131.3 for conventional and aerating burners, and 130 for the two-stage low
emissions vorbix burner. This section provides further verification of the pre-
diction model by comparing the predictions with full scale engine data from
four P&WA turbofan engines.

4.3.2.1 Effects of Burner Pressure

Internal dynamic pressures, measured in the burners of both rigs and engines,
were used in Section 2.4 to evaluate the predicted dependence of combustion
noise on burner pressure. Further verification of the pressure term in Eq. (28)
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may be obtained by normalizing the engine noise levels by everything but

burner pressure (assuming the transmission loss is not a strong function of
engine operation and presenting the normalized levels as a function of burner
pressure. This is shown in Figure 4.3-3 where the normalized combustion noise
power levels from several turbofan engines are seen to increase with the square
of burner pressure. as predicted in Eq. (28).

115 -o JTIO,.109 ENGINE
0 JT90-7A ENGINE o
a JTIOD-DEMO ENGINE 0

110

165

0
80

o 1550

!a

150C 35 40 45 50
20 log Pt4

!'gur' 4.3-3 Effect of Burner Pressure On Combustion Noise Levels

4.3.2.2 Acoustic Power Level Correlation

Combustion noise power levels from the JT8D type combustors (including
single fuel nozzle and four fuel nozzle designs) are presented in Figure 4.3-4,
together with the results from the four P&WA turbofan engines discussed in
Section 4.2. The data are presented as a function of the total power level
parameter given in Eq. (28). The correlation line shown is the same as that
presented previously in Figure 2.4-10, and is given in Eq. (31). The acoustic
power levels from the turbofan engines are seen in Figure 4.3-4 to lie approxi-
mately 6 to 10 dB lower than the correlation line and to have the same dlope.
This difference is probably attributable to the turbine transmission loss. This
is discussed in Sections 4.6 and 4.7. The trends of the engine data shown in
Figure 4.3-4 provide evidence that engine combustion noise levels are dominated
by direct combustion noise sources.
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Figure 4..-4 Comparison of Combustor Rig and Engine Data

4.4 EVALUATION OF THE INDIRECT COMBUSTION NOISE PREDICTION
MODEL FOR THE JTBD-109 ENGINE

The direct combustion noise prediction model was evaluated in Section 4.3 by
comparing to engine data, and while the predicted levels were higher than the
data, the slopes were correctly predicted. In addition, the higher predicted val-
ue will be reduced when transmission losses are accounted for. In this section,
a similar evaluation will be presented for indirect combustion noise, using the
JT8D-109 engine, since this is the only engine for which the necessary hot spot
information is available.

In order to determine the importance of indirect combustion noise as a possible
source of core engine noise, the P&WA indirect combustion noise prediction
model described in Section 3.2 was utilized. The empirical equations given in
Section 3.5 for the hot-spot characteristics were used to provide the inputs
required to exercise the prediction model for the JT8D-109 engine. The JT8D-
109 engine was selected for this comparison because the engine performance
and measured core engine noise power levels from low to high engine powers
were readily available, and because estimates of the hot-spot characteristics en-
tering the turbine had been measured for a JTS!) burner (Section 3.4).

The indirect combustion noise calculation was performed individually across
each turbine blade row using the hot-spot characteristics at the burner exit as
input to the calculation for the first blade row. Changes in the hot-spot axial
length scales across each turbine blade row were calculated (to preserve fre-
quency) and used as input for the following blade row. When the calculation
was completed for each blade row, the resulting acoustic power level of indirect
combustion noise was obtained by summing the levels from all blade rows.
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Comparison of the predicted power levels with the JT8D-109 data, discussed

in Section 4.2, is presented in Figure 4.4-1. The range of engine operation

shown includes typical approach, cut-back and takeoff power settings. The

predicted indirect comhustion noise levels are 7 to 15 dB lower than the meas-

ured values over the entire range of operation. In addition, the trends of the

predicted power levels do not agree with measurements. It may be seen that

measured combustion noise power levels increase much faster with engine

speed than the predicted indirect combustion noise power levels. Furthermore,

the predicted levels shown in Figure 4.4-1 do not consider turbine transmission
losses, which would make the differences between data and predictions even

larger.

145- 00

0

140
0

0

135 Combustion noise \ 0

OAPWL -(from measurments, Predicted Indirectcoombustlio moise
130 0

125
C

120 ,
2000 3000 4000 5000 6000 7000 i000

Engine RPM

Figure 4.4-1 Comparison of Measured JTSD-109 Combustion Noise Power Levels ith
Predicted Indirect Combustion Noise

Figure 4.4-2 shows the spectrum shape of measured combustion noise com-
pared to the predicted indirect combustion noise spectrum. The measured
combustion noise spectrum peaks at 400 Hz on a one-third octave band plot,
and is broadband in nature. Although the predicted indirect combustion noise

spectrum has a broadband character, the peak occurs at 1000 Hz, which is con-
siderably higher than that of the measured combustion noise.

Figure 4.4-3 shows a typical measured 1/3 octave band spectrum from the
JT8D-109 engine. Both the predicted jet noise and the predicted indirect com-
bustion noise are also shown on this figure. The peak indirect combustion
noise levels (without considering transmission losses) are 5 to 6 dB below the
measured data and do not represent a significant contribution to the measured
noise.
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4.5 IDENTIFICATION OF THE DOMINANT COMBUSTION NOISE SOURCE

The purpose of this section is to compare the relative importance of direct
and indirect combustion noise in typical aircraft engines, and to identify the
dominant noise source, using the prediction models developed herein.

Figure 4.5-1 shows a plot of combustion noise power levels determined from
noise measurements on a JT8D-l0q engine, together with predictions of both
direct and indirect combustion noise. The predicted direct combustion noise
is seen to be higher thain the indirect combustion noise by 18 to 22 dB when
transmission losses are neglected. This result together with the incorrect slope
of the indirect combustion noise lead to the conclusion that direct combustion
noise, rather than indirect combustion noise, is the dominant source for the
JT8D-109 engine.

Similar comparisons for other P&WA engines was not possible because of in-
adequate dynamic temperature information. However, as shown in Sections
4.3 and 4.7, data from these other engines is well correlated by the direct com-
bustion noise models for both power level and peak frequency, once turbine
attenuation is included in the analysis. Therefore it is inferred that for all the
engines discussed herein (i.e., JT8D-1 09, JT9D-7, JT9D-70 and prototype
JT10D), direct combustion noise is the dominant source.

In order to demonstrate that direct combustion noise is the dominant source
in these other engines, an estimate of the transmission losses that occur through
the turbine is required. The formulation of a transmission loss analytical model
is discussed in the next section (4.6), followed by an evaluation of this model
in Section 4.7.

150 Predicted direct 0combustion noise

(without transmission loss) 0
0

140-
OAPWL 0 Combustion noise

130- 0 0 (from messmments)
130, a

0

0

120 Predicted Indirectcemblstloe noise

(without tranolsslm less)

IIl a . p

2000 3000 4000 500 6000 7460 oo60
EngIne RPM

Fgsuv 4.5.1 Comparison of Measured JT8D-109 Combustion Noise Power Levels With
Predicted Direct and Indirect Combustion Noise
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4.6 FORMULATION OF TRANSMISSION LOSS MODEL

An analytical model is presented in this section that relates the noise generated
by an isolated combustor to that generated by a combustor installed in an en-
gine. This model accounts for the transmission losses associated with combus-
tor/duct coupling at the turbine entrance location and also across the turbine
itself. Experimental verification of the model is presented in Section 4.7.

4.6.1 Transmission Loss Due to Combustor/Duct Coupling

The duct at the combustor/turbine interface has a specified outer diameter,
D. as shown in Figure 4.6-1a. The area over which the combustion noise
pressure fluctuations are correlated at this interface is given by

L

Acorr LrD Aduct (37)

where L is the circumferential correlation length scale at the interface (shown
in Figure 4.6-1a) and Aduct is the total cross-sectional area of the annular
duct. It is assumed that over the low frequency range of interest, the sound
power radiated from an isolated combustor is carried by plane waves in the
burner and may be expressed by

_ p'o 2

Pb 2Pc Acor (38)

where p ' is the acoustic pressure amplitude at the burner exit plane (station
5). This relationship was verified experimentally in Section 2.3.6 where it
was shown that for several JT8D type burners, tested separately in a rig at at-
mospheric pressure, the sound powers calculated from Eq. (38) using the iso-
lated combustor rig exit area as the correlated area, agree quite well with the
sound powers obtained from farfield noise measurements.

\-CORRELATED SOURCE
AREA, Acol Pt5. T -5  ,-pt 7, Tt7

/

REFLECTED WAVE!
-- TRANSMITTED WAVED INCIDENT WAVE,

TURBINE

a. DUCT AT COMBUSTOR/ b. REPRESENTATION OF PLANE
TURBINE INTERFACE WAVE TRANSMISSION

THROUGH TURBINE

Figure 4.6-1 Elements of Combustion Noise Transmission Loss Model
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It is next assumed that, when the combustor is installed in an annular duct,
the acoustic pressure at the combustor/duct interface has the same amplitude
as it would have at the exit of the isolated combustor operating at the same
condition. This is equivalent to stating that the acoustic pressure at the inter-
face is independent of any downstream acoustic impedance. The acoustic par-
ticle velocity, however. may vary at the combustor exit depending on the
downstream installation, resulting in differences in the radiated sound power.

The final assumption deals with the modal distribution of the noise in the duct
downstream of the burner. Here, the acoustic energy from each correlated
source is assumed to be carried in the duct plane wave mode only. Calculations
for several engines indicate that, in the combustion noise frequency range, the
higher order miodes can be neglected since they decay in the exhaust duct and
therefore do not propagate acoustic energy. The acoustic pressure amplitude of
the duct plane wave mode is obtained by modeling the circumferential acoustic
pressure distribution as a pulse of circumferential length, L, and amplitude,p' o.
The Fourier decomposition of this spatial pulse gives the following expression
for the amplitude of the in = o (i.e., plane wave) duct mode:

PIm = L (39)

The intensity of the plane wave mode in the duct is then

L\ 2
_ \ DJ p'0  (40)lm=o 2p

and the acoustic power radiated from the ducted source is

Pd =  Aduct 
(41)

2 p5c5

The transmission loss associated with the combustor/duct coupling can be ex-
pressed (in decibels) in terms of the ratio of power generated by the isolated
burner to the power generated by the same burner coupled with a duct, i.e.,

(T.L.)d = 10 log (42)

which from Eqs. (38) and (41) becomes

(T.L.) d = 10 log Acorr ] (43)

1(L/rD)2 Aduct
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Substituting Eq. (37) into Eq. (43) yields

(T.L.)d = 10 log (44)

This energy loss occurs as a result of differences in acoustic particle velocity
between the two cases of an isolated combustor and the ducted combustor, and
is dependent only on the ratio of the correlated source area at the combustor
exit to the total duct area at the combustor/turbine interface. Thus, as an ex-
ample, if the source at the combustor exit is correlated over only 10 percent
of the circumference (i.e., L/wr D = 0. 1), a 10 dB transmission loss would be
predicted using Eq. (44), whereas if the source were correlated over the entire
duct, all the energy is in the plane wave mode and there would be no trans-
mission loss. The value of L/vr D must be measured experimentally or estab-
lished empirically using experimental data. An empirical estimate of this fac-
tor, based on rig and engine data, is presented in Section 4.7.

4.6.2 Turbine Transmission Loss

The transmission loss associated with a plane wave traveling through the tur-
bine is obtained by representing the entire turbine as a surface of discontin-
uity in characteristic impedance, pc. This is depicted schematically in Figure
4.6-l b where the length of the turbine is assumed to be small relative to the
acoustic wavelength of the incident noise. (For typical engines, the ratio of
acoustic wavelength to turbine length is about 4.) It is also assumed that no re-
flections occur from locations in the tailpipe downstream of the turbine. This
assumption appears valid for most engine configurations where noise carried by
plane waves at typical combustion noise frequencies is totally transmitted at
the exhaust nozzle exit(16). As the incident acoustic plane wave contacts the
turbine, both reflected and transmitted plane waves are developed due to the
difference in characteristic impedence across the turbine. If the axial flow
through the turbine is neglected (i.e., low axial Mach numbers), the ratio of the
incident to the transmitted power can be expressed (from Reference 23) as

Pi (1+ F) 2
- (45)

Pt 4F

where F is the ratio of the upstream characteristics impedence (at station 5)
to the downstream (station 7) characteristic impedence. Since the axial Mach
numbers are fairly low at both locations, the static pressures and tempera-
tures may be approximated by the more readily available stagnation values and
F may be expressed by

F = !t -6 - "(46)

Pt7 VTt5



From Eq. (45), the transmission loss across the turbine (in decibels) is

(TL)turb 10log 147 dB (47)

Typical values of F in an actual engine range from 3 to 8, resulting in a trans.

mission loss calculated from Eq. (47) of approximately I to 4 decibels.

4.6.3 Total Transmission Loss

The total transmission loss associated with both the combustor/duct coupling
and the turbine may be expressed (in decibels) as

T.L. = (T.L.)d + (T.L.)turb (48)

From Eqs. (44) and (47) this becomes

(1+ F) 2

T.L. = 10 log (I (Li)2  1 dB (49)

It is interesting to note that for the low frequencies assumed in the analysi,
the total transmission loss is independent of frequency. Thus, the noise spectra
radiated from isolated combustors should be similar to the noise spectra from
combustors installed in engines. This indeed is the case, as was shown in Figure
4.3-1 for the JT8D burner. The predictions of Eq. (49) are evaluated in the
following section.

4.7 EVALUATION OF TRANSMISSION LOSS MODEL

In this section, the transmission loss model presented in Section 4.6 is evalu-
ated using two independent techniques. The first method uses a comparison
of farfield combustion noise data from rigs and full scale engines, while the
second technique involves an examination of internal engine noise data up-
stream and downstream of the turbines.

4.7.1 Farfield Data Evaluation

The expression for acoustic transmission loss, given in Eq. (49), includes the
ratio Li D which represents the extent to which the acoustic pressures are
circumferentially correlated in the engine at the oombustor/turbine interface.
The value of this ratio was determined empirically in the present study by rW-
quiring that the rig and engine data shown previously in Figure 4.3-4 collapse
when the engine data has been corrected for the transmission loss. This occurs
when it is assumed that the source is correlated over 23 percent of the duct
circumference at the combustor/duct interface (i.e., L/r D = .23) for can-type
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and annular burner installations. The results are shown in Figure 4.7-1, where
the combustion noise correlation is shown by the straight line and may be
written as follows:

OAPWL 10 log I 2  (wab t

I- J tf 2  Pt4  Ab

p cTt 4 ) Fb + 131.3-T.L. (50)

where the transmission loss, T.L., is given in Eq. (49) with L/7r D = .23. The rig
data from five conventional and aerating burners and the data from four P&WA
engines fit the prediction of Eq. (50), with a standard deviation of 1.9 dB.
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130- 0 Duct and turbine transmission loss
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CO-V D 0.23
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Figure 4. 7-1 Combustion Noise Acoustic Power Level Correlation

4.7.2 Internal Engine Dynamic Pressure Data Evaluation

The transmission loss model developed in Section 4.6 is evaluated in the follow-
ing discussion by using internal dynamic pressure data from the JT8D-109
and JT9D engines, which was summarized in Section 4.2.

Maximum sound pressure levels from several locations inside a JT8D-109 en-
gine are presented in Figure 4.7-2 as a function of distance from the burner
igniter. The relative location of the turbine and the predicted transmission
loss are included in this figure. Considering the fact that SPL differences are
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not a true indication of an acoustic power level loss, and that the internal burn-
er transducer is in the source near field, and also may be contaminated by flow
noise, it still appears that the predicted transmission losses are reasonable when
compared to the magnitude of the SPL difference across the turbine.

160

Sound Predicted transmission loss
pressure 14o

level
dB Turbilne

120 i I I I I I
0 20 40 60 80 100 120 140 160

Distance from burner ignitor - inches

Figure 4. 7-2 Max 1/3 Octave SPL Level (450 Hz) Inside JT8D-109 Engine at 5400 RPM

For the JT9D engine, SPL's at the combustion noise peak frequency of 315

Hz from three locations inside the engine are presented in Figure 4.7-3. The
agreement between the predicted transmission loss and the differences in
SPL across the turbine are in better agreement than for the JTSD-109 discussed
earlier and verify, at least to first order, the magnitude of the predicted trans-
mission loss of Eq. (49), with L/Wr D = .23.
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Figure 4. 7-3 Max 1/3 Octave SPL Level (315 Hz) Inside JT9D Engine at 2481 RPM
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4.8 SUMMARY OF ENGINE COMBUSTION NOISE PREDICTION SYSTEM

Based on the analytical and experimental results presented in the preceeding
sections, including the apparent dominance of the direct combustion noise
mechanism, a procedure was formulated that is applicable to the prediction of
combustion noise power levels, directivity patterns, and spectral characteristics.
The procedure is summarized in this section.

4.8.1 Combustion Noise Power Levels

4.8.1.1 Conventional and Aerating Type Burners

The prediction of combustion noise power levels from full scale engines must
consider both the noise generation and the transmission losses associated with
the combustor/duct coupling and the turbine. A relationship was presented in
Section 4.7 which meets this requirement and also collapses the noise data
from both burner rigs and full scale engines as shown in Figure 4.7-1. For sum-
mary purposes, this relationship is rewritten below.

2- 2 ( wabv' - 4t  (50)
OAPWL = 10 log l Ab 2 pt4

2 ( (50)

1+ f t S)2Fb 2  + 131.3-T.L.Cp T t4

where

T.L. = 10 log (lF) 2  ] dB (49)L4F (L/irD)j

F is the ratio of characteristic impedances across the turbine, given by

Pt 5  __- _ (46)

=P t7 I Tt5

and L/ir D = .23 (obtained empirically in Section 4.7). The data from five
different JT8D burners (rigs) and four P&WA turbofans fit the prediction of
Eq. (50), with a standard deviation of 1.9 dB.

4.8.1.2 Two-Staged Vorbix Type Low Emission Burners

Based on the results presented in Section 2.4.6 (Figure 2.4-11), for the JT8D-
vorbix burner, it is recommended that for burners of this type, Eq. (50) be
used with the constant of 13 1.3 replaced by a value of 130.0.
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4.8.2 Combustion Noise Directivity

Figure 4.8-1 presents normalized combustion noise directivities from the four
P&WA turbofan engines discussed in Section 4.2 The directivity pattern pre-
sented in Figure 4.8-2 is recommended for use in determining the overall sound
prt ssure level (OASPL) of combustion noise as a function of angle from the in-
let axis. This directivity was established empirically by averaging the character-
istics presented in Figure 4.8-1. Although Figure 4.8-2 applies at a radius of
150 feet from the engine, the values of freefield OASPL at any other distances
may be determined using standard methods. A numerical representation of
this directivity pattern is presented in Table 4.8-1.

OAPWL IN dB (REF. 10-I1 WATTS)
OASPL AT 150 FT RADIUS

-36- (FREEFIELD)

-JT80-109
_) 48 - JTSD.1A

- - JT100-DEMO

90 100 110 120 130 140 150
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Figure 4.8-1 Engine Dirctivity Characteristics
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CASPL AT 150 FT. RADIUS
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Figure 4.8-2 Generalized Combustion Noise Directivity
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TABLE 4.8-I

NORMALIZED COMBUSTION NOISE DIRECTIVITY
PATTERN FOR TURBOFAN ENGINES

(Free-Field, 150 Ft. Radius, OAPWL in dB ref. 10"12 Watts)

Angle From Inlet Angle From Inlet

Axis .- Degrees OASPL - OAPWL - dB Axis - Degrees OASPL - OAPWL - dB

I0 -58.3 90 -43.8

20 -56.5 1O0 -42.0

30 -54.8 110 -40.4

40 -53.0 120 -39.2

50 -51.1 130 -40.9

60 -49.3 140 -44.3

70 -47.5 150 -48.0

80 -45.7 160 -51.6

4.8.3 Combustion Noise Spectra

Based on an average of the combustion noise spectra from measured rig and en-
gine data presented in Figure 4.3-1, a generalized combustion noise one-third
octave spectrum was obtained and is presented in Figure 4.8-3. The maximum
SPL from this spectrum is seen to be 6.8 dB below the OASPL. The frequency
scale has been normalized in terms of the number of one-third octaves from the
peak frequency, fc" For a given burner, the combustion noise spectrum is the
same at all farfield angles and burner operating conditions. The peak frequency
of combustion noise is, however, a function of burner geometry. The expres-
sion for peak frequency, fc' is given by

f- = Kf RHf (L (I )

f7 1 p Pt4  fAb Lb

where Kf = 8 for can-type burners and Kf = 3 for annular burners. The refer-
ence (or design) condition, denoted by "ref", is taken to be at the eggine take-
off power condition. The validity of the above expression was demonstrated
in Section 4.3.1 (Figure 4.3-2). A numerical representation of the generalized
noise spectrum is given in Table 4.8-2.
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Figure 4.8-3 Generalized Combustion Noise One-Third Octave Spectra

TABLE 4.8-2

GENERALIZED COMBUSTION NOISE SPECTRA

Number of 1/3 Octaves Combustion Noise Number of 1/3 Octave Combustion Noise

From Peak Freq. SPL - OASPL - dB From Peak Freq. SPL - OASPL - dB

-7 -24.7 2 - 9.8

-6 -22.3 3 -11.5

-5 - 19.5 4 -13.3

-4 -16.8 5 -15.0

-3 -14.1 6 -16.8

-2 -11.4 7 -18.6

-1 - 8.8 8 -20.5

0 - 6.8 9 -22.4

1 - 8.1 10 -24.3

4.8.4 Sample Application of Prediction System

The use of the combustion noise prediction system is demonstrated in this
section for the JT8D-109 engine. All of the steps required to predict the com-
bustion noise spectrum at the 1200 farfield microphone location are presented
as an example. The predicted combustion noise spectra is then compared with
the corresponding measured farfield spectra. The performance and geometry
parameters required for making these predictions are presented in Table 4.8-3.
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TABLE 4.8-3

PERFORMANCE AND GEOMETRY REQUIRED FOR
COMBUSTION NOISE PREDICTION SYSTEM

(JT8D-109 ENGINE, 5499 RPM)

N 9 Tt4 = 1061ORNft

Ab = 307.8 in2  Tt 5 = 1904OR

Lb = 1.98 ft Tt 7 = 1236 0 R

Fb = 0.0128 Hf = 18,500 B/Ibm

wab = 86.0 lbm/sec FST = 0.068
B

Pt4  = 120.5 psia Cp = 0.28 -
Ibm0oR

ft lbf
Pt 5  = 110.5 psia R = 53.35 ------

Ibm R

Pt 7  = 17.8 psia w 0.01082

Ptft4 re

The following steps were utilized in obtaining the predicted combustion noise
at the 1200 angle, and 150 ft. radius location for the JT8D-109 engine at 5499
RPM.

1. Utilize Eq. (50) to calculate

OAPWL + T.L. = 144.8 dB

2. Calculate the transmission loss, T.L., from Eq. (49) where F is given by Fq.
(46).

T.L. = 8.9 dB

3. From steps I and 2, determine the OAPWL

OAPWL = 135.9 dB

4. Utilize Figure 4.8-2 or Table 4.8-1 to determine the free-field OASPL at

the 1200 location

OASPL (1200) = OAPWL - 39.2 = 96.7 dB
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5 Calculate the peak frequency, f., from Eq. ( 1), with Kf= 8

fc = 501 Hz

6. Using the OASPL and peak frequency from steps 4 and 5, construct the
free-field, one-third octave spectrum from Figure 4.8-3 or Table 4.8-2.

7. Add 6 dB to the free-field spectrum, for purposes of comparing with data
measured with ground plane microphones.

This completes the prediction for the 120 degree location. For other locations,
only steps 4, 6 and 7 need to be repeated.

Figure 4.8-4 presents the results of the above prediction compared to the
corresponding measured spectrum from the JT8D-109. Also shown is the
predicted jet noise spectrum. The comparison of measurement with predic-
tions is seen to be quite good.

9'-9-Measured Twlde
spectrum am"tsXFin

94-

Sound 9o-

pressure
level "

dl 66- Predklted

82k-

25csmbestion Ws
63 125 250 500 1K 2K 411 Sk

Frequency - Nz

FIgure 4.8-4 Measured and Predicted Combustion Noise Spectra for the JT8D-I09 Engine
Engine, 1200. 150 Ft Radius, .5499 RPM

4.9 IDENTIFICATION OF CONTROLLING PARAMETERS

The combustion noise prediction system presented in the preceding section has
identified both geometry and performance variables that control the combus-
tion noise power levels, transmission losses, and spectral peak frequencies.
These are summarized in this section.
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4.9.1 Acoustic Power Levels

Predicted and measured engine and rig combustion noise power levels from
Eq. (50) are:

* Inversely proportional to the number of fuel nozzles.

* Proportional to the square of the burner cross-sectional area,
although this parameter appears to the inverse 4th power in the flow
parameter term.

* Proportional to the square of burner inlet pressure.

* Proportional to the 4th power of the burner flow parameter.

0 Approximately proportional to the inverse square of burner inlet
temperature.

* Proportional to the square of burner fuel-air ratio.

* Dependent on the transmission losses associated with the propaga-
tion of combustion noise to a farfield observer, as discussed next.

4.9.2 Transmission Losses

The transmission losses predicted by Eq. (49) were found to be:

* Approximately proportional to the ratio of specific impedances
across the turbine (i.e., turbine pressure ratio divided by square root
of turbine temperature ratio); This typically accounts for approxim-
ately I to 4 dB attenuation.

" Inversely proportional to the circumferential extent (i.e., L/t D)
over which the acoustic pressures are correlated at the combustor/
turbine interface in the engine. The value of this parameter was em-
pirically determined to be equal to .23 in the present study, which
accounts for a 6.3 dB transmission loss.

4.9.3 Peak Frequencies

Predicted and measured combustion noise peak frequencies from Eq. (I1) are:

* Proportional to the ratio of fuel flow rate to burner inlet pressure
at the design condition, which is taken to be at the engine takeoff
power condition.

* Inversely proportional to the burner volume.
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5.0 COMPARISON WITH PREVIOUS FAA DATA AND PREDICTIONS

Combustion noise data trom the JT8D burner component tests at X-410 stand,
and from four P&WA full scale engines (i.e., JT8D-109, JT9D-7A, JT9D-70 and
JTI OD prototype) are compared in this section to General Electric data and
predictions obtained under previous FAA Contract (Reference 2). Comparisons
of combustion noise spectra, directivity patterns, and overall power levels are
presented.

The General Electric acoustic data was obtained using pole mounted microphones
which required "ground-dip" corrections to the spectra( 2 ) to obtain estimates
of free-field levels. P&WA noise data was obtained using ground plane micro-
phones over a hard surface, which require only a constant adjustment factor of
--6 dB at all frequencies for correction to free-field conditions. All General
Electric and P&WA results are presented herein as "free-field".

5.1 BURNER RIG COMBUSTION NOISE DATA

In this section, P&WA data from several JT8D type burner configurations, tested
separately at X-4 10 stand, are compared to rig data from two full size annular
type burners (i.e., the CF6 and FI01) that are reported in Reference 2. Compari-
sons are also included of the P&WA rig data with G.E.'s suggested correlations for
both engine and rig levels. OAPWL's presented in this section are referenced to
10- 13 watts for comparison with G.E. data and predictions.

5.1.1 Combustion Noise Power Levels

Figures 5. !-1 and 5. 1-2 present combustion noise power levels from several
P&WA JT8D type burners compared to the suggested G.E. combustion noise
correlations for full scale engines and burner rig tests, respectively. The JT8D
rig noise levels are roughly 20 dB higher than the G.E. engine correlation as
shown in Figure 5. 1-1 and, in addition, are scattered by as much as 12 dB at a
given value of the correlation parameter. Figure 5.1-2 shows that when the JT8D
rig data is presented as a function of the burner exit velocity (suggested by G.E.
in reference 2), the data are below the correlation of the CF6 and FI01 data
by as much as 8.5 dB.

5.1.2 Combustion Noise Directivity

A typical directivity from the P&WA JT8D burner component tests is compared
with two sample directivities from the G.E. CF6 burner (for different fuel/air
ratios) in Figure 5. 1 -.3. The directivity for the G.E. CF6 burner is significantly
steeper than the JT8D. This difference may be attributed to refraction changes
due to the differences in rig exit diameters, exit temperatures and exit jet vel-
ocities.
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Figure 5.1-1 Comparison of JT8D Burner Component Noise Levels With the Suggested
G.E. Engine Correlation Parameter
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6.1.3 Combustion Noise Spectra

The general combustion noise spectral definition derived from the JT8D burner
rig test program is compared to those from the G.E. CF6 and FI01 burners in
Figures 5.1-4 and 5.1-5, respectively. The general combustion noise spectra
shapes are similar for both the G.E. and P&WA burners, although the combus-
tion noise peak frequencies for the G.E. burners are around 280 Hz (similar to
the P&WA JT9D annular burner) as compared to 500 Hz for the JT8D can-type
burner.

-4
P&WA 378D burner rig spectra

-/ Fb O0.0100 1 GE/CF6 data
/ Fb= 0.0165 1 wab 7.5 lb/sec

-12 \ /
SPL - OASPL

dB
-16 N'

-20

63 125 250 500 1000 2000 4000

Frequency - Hz

Figure 5.1-4 Comparison of G.E./CF6 and P&WA/JT8D Combustion Noise Spectra.
Component Rig Tests

-4 P&WA JTOO burner rig spectra

Fh = 0.0100 IE/F101 data
-= 0-01l5 wab =

//' 7.5 Ib /see

-12 " , ,%
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-20\

-24-_'- I I I I I
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Figure 5.1-5 Comparison of G.E./F!01 and P&WA/JT8D Combustion Noise Spectra,

Component Rig Test

124



5.2 ENGINE COMBUSTION NOISE DATA

In this section data from four P&WA engines tested at X-314 outdoor noise test
stand (Section 4.0) are compared to similar G.E. combustion noise data and pre-
dictions for turbofan engines.

5.2.1 Combustion Noise Power Levels

Combustion noise power levels from the four P&WA engines are compared in
Figure 5.2-1 with the suggested G.E. turbofan prediction system (2). While the
six data points from the G.E. turbofans are in fair agreement with the correla-
tion, the P&WA data differs by as much as +9 dB and -5 dB from the suggested
G.E. prediction. The P&WA data in Figure 5.2-1 fit the G.E. turbofan equation
to a standard deviation of 6.4 dB.
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Figure 5.2-1 Comparison of P& WA Engine Test Results Wigh G.E. /FAA Turbofan Pre-
diction

5.2.2 Combustion Noise Directivity

The general P&WA directivity pattern, developed from an average of the results
from four turbofan engines (Section 4.8) is compared with the predicted G.E.
directivity pattern (based on G.E./T64 data) in Figure 5.2-2. The directivity
patterns for P&WA and G.E. engines are in good agreement at all angles.
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Figure 5.2-2 Comparison of P& WA and G. E. Combustion Noise Directivity Predictions

5.2.3 Combustion Noise Spectra

Figure 5.2-3 shows the combustion noise spectral characteristics for the G.E./
T64 and four P&WA turbofan engines. Although the spectral shapes are quite
similar, the combustion noise peak frequencies vary from about 280 to 500 Hz
on a 1/3 octave band basis. The combustion noise spectra shape characteristics
of both P&WA and G.E. engines are seen to be in good agreement in Figure
5.2-4, when normalized by their respective peak frequencies. For all engines the
combustion noise spectral characteristics were found to be relatively invarient with

-1 engine operation.
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Figure 5.2-3 Combustion Noise Spectra From P&WA and G.E. Turbofan Engines
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5.3 SUMMARY OF COMPARISONS

The following remarks summarize the results of the comparison of P&WA rig
and engine combustion noise data with previous FAA data and predictions pre-
sented in Reference 2.

Rig Data and Predictions

0 Neither G.E. rig nor engine correlation parameters adequately collapse
data from P&WA burner rig tests, on a power level basis.

* The P&WA rig data do not fit the G.E. recommended correlation curves.

" The P&WA rig directivities are flatter than those from G.E. rig tests due to
changes in refraction(1 6 ) caused primarily by the larger ratio of exit diam-
eter to wavelength associated with the G.E. rig.

" The P&WA and G.E. rig combustion noise spectra are similar in shape, but
are centered at different peak frequencies. The magnitude of these dif-
ferences is consistent with those predicted by the P&WA peak frequency
model.

Engine Data and Predictions

* Combustion noise power levels from P&WA turbofan engine data are not in
good agreement with the turbofan predictions suggested by G.E. in Refer-
ence 2.
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* P&WA and G.E. predicted combustion noise directivity patterns are
similar.

* P&WA and G.E. engine combustion noise spectra are similar in shape, but
are centered at different frequencies.

* The G.E. predicted spectra peaks at 400 Hz for all engines. The P&WA
engine spectra peak at frequencies ranging from 280 to 500 Hz depending
on the engine burner geometry. These differences are predicted by the
P&WA procedure.
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6.0 COMBUSTION NOISE REDUCTION

In this section, the combustion noise data and prediction system discussed in the
preceding sections are utilized to identify combustion noise reduction methods
for future low emissions engines. In addition, emissions data are presented for
three of the conventional and low emissions JT8DJ type burners described in
Section 2.0, and for the JT91)-7 engine. Finally, the optimization of the combus-
tion noise/emissions tradeoff is discussed.

6.1 IDENTIFICATION OF NOISE REDUCTION METHODS

In Section 4.9, the parameters that control combustion noise levels were presented.
These parameters fall into two categories (i.e., geometry and performance). Some
of the parameters affect the generation of combustion noise, while others influence
the transmission losses between the combustor and a farfield observer. In this sec-
tion, methods for reducing the generated noise and increasing the transmission
losses for future engines are discussed.

6.1.1 Geometry Modifications

Five possible methods for obtaining reductions through burner geometry modifica-
tions have been identified. These are discussed below.

* Measured levels of combustion noise on a four fuel nozzle JT8D type burner
(Sections 2.3 and 2.4) were found to be 6 dB lower than those from single
fuel nozzle production JT8D burners. This reduction is also predicted by Eq.
(50). Additional evidence of this effect is provided by the fact that measured
combustion noise levels from a JT3D engine(l) with eight burners (each con-
taining six fuel nozzles) are substantially lower than the levels from the JT8D
engines with nine burners (each containing only one fuel nozzle). These pre-
dicted and measured results suggest that an effective means of reducing com-
bustion noise would be to increase the number of fuel nozzles in the burner.

* Although the burner cross-sectional area appears to be a power of +2 in the
prediction model of Eq. (50), it also appears to the -4 power in the flow par-
ameter term, thus suggesting that increases in the burner cross-sectional area
will result in noise reductions by decreasing the velocities through the burner.
The extent to which the area may be increased however, may be limited by
practical considerations, such as fuel distribution problems in the burner
which would require multiple radial fuel nozzles. In addition, if the flow par-
aineter were reduced in this manner, the length of the burner would have to
be shortened to maintain the smaller residence times required for low NO,
emissions (If the burner were not shortened, a high residence time would result
in increased NOx pollutant levels.). In addition, the shortened burner could
result in pattern factor problems at the turbine first stage.
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* It also appears that noise reductions caii he achieved by reducing the circum-
ferential extent, L/ir I), over which the acoustic pressures are correlated at the
combustor/turbine interface. This would serve to increase the transmission
losses that occur downstream of the combustor. It has not yet been determined
how this may physically be achieved.

* Figure 4.7-I shows that combustion noise levels from the JT9I)-70 engine
(with a short, bulkhead front-end burner) are 4 to 5 dB lower than those
from the earlier JT91)-7 engine with a significantly different burner design.
It is not currently understood how these design changes resulted in the ob-
sened noise reduction. More work needs to be done to ascertain the reasons
for this reduction.

* The geometry modification associated with the two-stage, advanced low emis-
sions JT8D-vorbix burner resulted in small noise reductions relative to con-
ventional JT8D type burners, as discussed in Section 2.3. This has been re-
flected in the prediction procedure presented in Section 4.8, and suggests
that there is potential for reducing the noise by staging the combustion pro-
cess.

6.1.2 Performance Modifications

The combustion noise reduction potential associated with cycle (or performance)
changes is limited for current engines and for growth derivatives of these engines.
For future P&WA engines, however, where cycles will in part be selected by noise
considerations, the prediction procedure presented in Section 4.8 indicates that
combustion noise may be reduced by any one (or combination) of the following
methods:

* Decrease the burner inlet pressure

* Increase the burner inlet temperature (in an actual engine, the inlet pres-
sure and temperature are not independent, but are related through the
compressor efficiency.)

* Decrease the burner fuel-air ratio

* Increase the turbine pressure ratio (This appears in the transmission
loss term, as part of the ratio of specific impedances across the turbine.)

In past cycle selection studies, the above parameters were dictated by performance
requirements alone. However, as a result of the prediction system developed under
this contract, it will be possible to include combustion noise considerations in
future engine cycle selections. However, it will only be through detailed noise/
cycle optimization studies that changes in these parameters cin be defined that
will reduce noise without sacrificing engine performance, durability, TSFC, and
emissions.
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6.2 COMBUSTION NOISE/EMISSION OPTIMIZAT ION STUDY

6.2.1 Summary of Emissions Data

Emissions informiation at several KeyV design operating conditions iAle, appro-Ah,
climb and takeoff)are supplied in thi, section for the production J 18D-l 7 burner,
the low emission JT8D-1 7 aerating no.iile burner, thle two-stage advanced leg(
emission JTXD-vorbix burner, and thle JT9D-7A engine. All emission data is pre-
sen ted in terms 01f emission indices 0AI) which specify Ibm of pollutant per 1000
Ibm of fuel. The pollutants discussed here include carbon monoxide (CO), unburned
hydrocarbons JTHC) and oXIdeS of nitrogen (NO.).

6.2.1.1 JT8D Conventional and Low Emissions Burners

A sumnmary of emission data obtaiinedI for three JT178) type burners tested in high
pressure rigs is presented in Table 6.2-1 . This informnation is presented at the simu-
lated idle, approach, clib and takeoff conditionis as defined in the 1979 E~missions
Regulations. Table 6.2-1 -shows clearly that the in trodulctioni of the aeratinig fuel
nozzle reduiced emission levels Of unburned hyNdrocarbon (111C) and carbon mnon-
oxide WCO) at idle and approach Con1ditions. InIIcises SeenI in thle THC and CO
levels from thle JTX fl-I7 aerating burner at climbh and takeoff conditions are con-
sidered insignlificant since idle and approach levels :0onStitUte over 90% o" the regu-
lated [PAP paranmeter.

The advanced low emission J 1-8I)-vorbix burner achievtd marked improvement in
TIIC and NOX pollutants over thle production JT8DI-l 7 h urner. The reduction in
TIIC level,, f-or ibe vorbix burner was comparable to that achieved with the JT8D-l 7
aerating burner, while the lower NO, levels fromt the vorbix burner at highc powers
represented a significant improvement over thle lprodu~'tiOn and aerating JT8D-l 7
burner levels. Thle reduction achieved in the CO level for the JT8D-l 7 aerating burn-
er was not duiplicated with the JTgD-vorbix burner. As indicated in Table 6.2-1.
thle vorbix levels were comparable to those from the production JT8D-l 7 burner.

rAilLI 6.2-1

I) HRI IRNlI ISNII\SI k
I IROM 1111.11 IRIsSI Ri. RRIS)

Production J I RDI- 17 Aerating J I 81-vorbix
OJperating imni"s,1 I','le X I II I iji',ir Index 0 11 [-.mission Index (El)

ondition oi' ( NOx IT( (---0c NhoIC C NOX

Idle 255 55.6 2 I) 14A21 3.7.. 43+ 52.95* 2.73"

Approach 1.31 12 so 7 40 24 2 14 9.43 2X* 13.53" S 20t

Climb 14 81 " (1) 3i 2 1 h1S 2. 301 1.97 11,03

SILTO (16 5 1 24(10 11 1 2 l.10 1.05 14.06

* All secondary fiacI (At R
x All primary fuel (PIA)
+ 0Y% pilot
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6.2.1.2 JT9D Engine

Emissions data from a JT91)-7 engine is presented in Table 6.2-2. The emission in-
dices for THC, CO and NOx are presented at four key engine operating conditions
(i.e., idle, approach, climb, and takeoff). The general trends seen in Table 6.2-2
are toward decreasing CO and TItC levels and increasing NOx levels, when going
from idle to takeoff engine conditions.

TABLE 6.2-2

JT9D-7A L-MISSIONS DATA
(FROM FULL SCALE ENGINE TESTS)

Operating Emission Index (El)
Condition THC CO NOx

Idle 29.8 77.0 3.3

Approach 1.0 9.6 8.4

Climb 0.1 0.5 22.9

Takeoff 0.05 0.2 31.5

6.2.2 Noise/Emissions Tradeoff Influence Coefficients

In order to define methods of reducing noise, subject to emissions constraints, it
is necessary to establish the noise/emissions tradeoffs in terms of burner operating
parameters. A discussion of the effects on noise and emissions of changing the
burner flow parameter was presented in Section 6. 1. 1. In this section, the effect of
independent variations in burner fuel-air ratio, inlet temperature and pressure on
noise and emission trends is discussed for the JT8D-17 production burner, the
JT8D- 17 aerating burner and the JTSD-vorbix burner.

While the independent effects on noise due to variations in the above parameters
are presented quantitatively by the predictions given in Section 4.8, similar inform-
ation for emissions was obtained in the form of influence coefficients from available
emissions data on the three burners being considered. This information is present-
ed in Tables 6.2-3 through 6.2-5 in the form of emissions influence coefficients,
i.e., the percent change in emissions index (1l) associated with a 1% change in the
performance parameter. The total effect on a particular pollutant of changing
several burner performance parameters can be represented by

.IJ1a(II) [
)IJ d,3 .+
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where P represents a particular performance parameter and the partial derivatives
in this equation represent the emissions index influence coefficients associated
with an independent change in the specific performance parameter. Tables 6.2-3
through 6.2-5 show the effects on emissions of an independent parameter change
which results in combustion noise reduction. The emission trend information pre-
sented in these tables are estimates based upon limited high pressure burner rig
test data.

TABLE o.2-3

EMISSIONS INDEX INFLUENCE COEFFICIENTS FOR FUEL/AIR RATIO DECREASES
(LIMITED TO ±20'Y VARIATION IN Fh)

Effect El Influence Coefficients (%[%)
Operating on

Burner Condition Noise CO NO THC

Jr8D- 17 Idle Decrease - .3 - .6 + 1.4
Production Approach Decrease + 1.2 0 + 2.4

Climb Decrease ? + .5 ?
SLTO Decrease ? +1.0 ?

JTSD- 17 Idle Decrease + .1 - .4 + i.7
Aerating Approach Decrease ? 0 ?

Climb Decrease ? + .5 ?
SLTO Decrease ? +1.0

JT&D- SLTO Decrease +1.5 -- .5
Vorbix

TABLE 6.2-4

EMISSIONS INDEX INFLUENCE COEFFICIENTS FOR BURNER
INLFT TEMPERATURE INCREASES

(LIMITED TO 500 R CHANGES IN T t4)

Effect
Operating On El Influence Coefficients

Burner Condition Noise CO NO x  THC

JT8D- 17
Production Idle Decrease -2.0 +3.3 -4.4

JT8D-17
Aerating Idle Decrease -2.8 +2.0 -5.0

JT8D-
Vorbix SLTO Decrease -4.1 +2.2
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TABLF .--

[:MISSIONS INI)l X INI.LIUI.NCI: C((-FICI[NTS FOR
BURNI R PRI SSURE I VR!ASES

(LIMI rED)I + 20','; VARIATION IN pt 4 )

Effect
Operating On El Influence Coefficients

Burner Condition Noise C0 NOx  THC

JT8D-
Vorbix SILTO Decrc ase +.9 .4

Table o.2-3 presents the emissions index influence coefficients associated with re-
ductions in burner fuel-air ratio. A decrease in fuel-air (keeping all other parameters
constant) resulted in a predicted decrease in combustion noise levels at all condi-
tions for all burners (Section 4.8). At the approach condition, it is shown that
NOx levels would not change for either the production or aerating JT8D-i 7 burn-
ers. while CO and TIlC levels would increase significantly for the production JT8D-17
burner. 'File available emission trend information for tie JT8D-vorbix burner is for
the takeoff conition only, and shows that a slight reduction in NOx levels is accom-
panied by an incrt-ase in C() levels.

The effect of an increase in burner inlet temperature on combustion noise and
emissions levels is shown in Table 6.2-4 for limited operating conditions. By in-
creasing the burner inlet temperature, a predicted noise reduction is obtained at
all conditions- Idle ('() and TIIC levels are shown to decrease and NO x levels are
shown to increasc for both i 8)-17 type burners. For an increase in inlet tempera-
cure t, he takeoff condition, the CO levels from the vorbix burner are shown to
decrease. while NO, levels increase for this burner.

Data Acrt: not available to demonstrate the effect of burner pressure on emission
levels trom the J8ID-I 7 production or aerating burners. The only available informa-
tion on the effects of burner pressure changes on emissions was for the JT8D-vorbix
burner at a takeoff condition, shown in Table 6.2-5. A burner pressure decrease
is predicted (Section 4.8) to result in a combustion noise reduction, while CO
levels will increase and NOx levels decrease.

the ,,e of tradLoff inforn ation such as that presented in Tables 6.2-3 through-
6.2-5 for optimi/ing the noise/emissions tradeoffs are discussed in the following
section.
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6.2.3 Optimization of Combustion Noise/Emission Tradeoff

As mentioned previously, there are two basic methods (i.e., geometry modifica-
tions and performance changes) by which combustion noise may be reduced. Both
methods can result in desirable or undesirable effects on pollutant emissions, and
are d.;cussed separately in this section.

6.2.3.1 Optimization Through Geometry Changes

The only burners under this contract for which information on noise, emissions
and geometry was available were the JT8D-17 production burner, the low emis-
sions JT8D-! 7 aerating burner, and the two-stage vorbix advanced low emissions
burner. Combustion noise characteristics for these burners, presented in Section
2.3, indicated that virtually no noise benefit will be obtained by utilizing aerating
fuel nozzles, and that the reductions in noise associated with the vorbix burner
were only modest (i.e., I to 2 dB) at all operating points tested (including both
design and off-design conditions).

The emissions data for these burners were used to calculate the parameter regu-
lated by the EPA (i.e., EPAP) for each pollutant. The EPAP ratings of the aerat-
ing and vorbix burners, relative to the JT8D-1 7 production burner, are shown
in Table 6.2-6, where it can be seen that both the aerating and the vorbix burn-
er produced reductions in THC and NOx EPAP's. The aerating burner also pro-
duced a reduction in CO, but the vorbix burner had higher CO levels.

TABLE 6.2-6

EPAP RATINGS OF JT8D- 17 AERATING AND JT8D-VORBIX BURNERS,
RELATIVE TO JT8D-17 PRODUCTION BURNER

EPAP - EPAPJT8D-I 7 Production

Burner THC CO NO x

JT8D- 17
Aerating -4.26 -12.52 -. 26

JT8D-
Vorbix -4.21 + 3.28 --3.5

The noise and emissions data from these three burners lead to the following con-
clusions regarding the optimization of the noise/emissions without sacrificing
ometry changes:

* The geometry changes associated with the use of aerating, rather than pres-
sure atomizing fuel nozzles resulted in lower emissions without sacrificing
noise. These changes, however, do not appear to provide a noise reduction.
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* The geometry changes associated with the staged vorbix burner result in low-
er emissions ('' and NOX) but modest noise reductions.

From the noisc, geoimetrN and emission information available to date, it appears
that Combustion noise cannot be significantly reduced by the incorporation of
low -n-ission design features. This observation is based on data from only two
low emission burners. Before more definite conclusions can be drawn, addi-
tional noise measurements arc required on other low emissions burners, including
annular type vorbix configurations being considered for engines such as the
JTO D.

6.2.3.2 Optimization Through Performance Changes

Tradeoff studies in which performance parameters, such as fuel-air ratio, burner
pressure, etc., are varied to minimize noise subject to emissions constraints re-
quire knowledge of both the variation in the emissions constituents, and the
variation of the combustion noise as functions of these performance parameters.
Furthermore, constraints imposed by engine performance (e.g., thrust, fuel con-
sumption, etc.) also need to be included in the tradeoff studies. Because the re-
sults of such a tradeoff study will vary, depending on the burner and engine type
being considered, general conclusions cannot be made. In this section, a brief
description will be given of an approach that could be used to perform noise/
emissions tradeoff studies in terms of cycle performance parameters.

The emissions constraints can be defined in terms of the influence coefficients
discussed in Section 6.2.2. These coefficients define the effects on emissions of
vaiations in the performance parameters, e.g., fuel-air ratio, burner pressure, and
burner temperature. The constraints imposed by the engine performance (e.g.,
thrust) are defined in terns of cycle parameters such as engine pressure ratio,
burner fuel-air ratio, etc. Having the emission and cycle constraints defined,
application of the calculus of variations would yield a set of performance para-
meters that would minimize noise while meeting the emissions and engine cycle
constraints. A more easily used, but less rigorous alternative to the above approach
would be to obtain estimates from Tables 6.2-3 through 6.2-5 of appropriate
directions in which the performance parameters could be varied to reduce noise
while holding emissions constant (or improving emissions).

136



7.0 CONCLUSIONS

Results from the analytical and experimental combustion noise studies presented
in the preceding sections support the following conclusions.

7.1 COMBUSTION NOISE POWER LEVELS

I. Predicted levels of indirect combustion noise for the JT8D-109 engine (using
measured dynamic temperature characteristics as input) were 18 to 22 dB
lower than those for direct combustion noise. Based on this result, together
with the agreement between direct combustion noise predictions and data
from four P&WA engines, it is concluded that combustion noise power levels
from aircraft type engines are dominated by the "direct" noise mechanisms
(resulting directly from the unsteady combustion), rather than by "indirect"
combustion noise associated with the convection of burner generated temp-
erature fluctuations through the turbine pressure drop.

2. An improved direct combustion noise prediction procedure has been devel-
oped that accurately predicts levels and peak frequencies from both rigs and
engines. When the prediction model for transmission losses associated with
both the combustor/duct coupling and across the turbine itself are taken in-
to account, the combustion noise levels from both burner rigs and full scale
engines fit a single power level prediction equation to a standard deviation
of 1 .9 dB. This deviation is significantly less than that experienced when the
same data is compared with previously reported procedures (i.e., Reference2).

3. Predicted and measured combustion noise power levels are inversely propor-
tional to the number of fuel nozzles in the burner.

4. Predicted and measured combustion noise power levels increase with both
burner pressure and fuel-air ratio to a power of 2, increase with burner flow
parameter to a power of 4, and decrease with increasing inlet temperature.

5. Combustion noise characteristics from burners utilizing aerating fuel nozzles
for low emissions are not noticeably different than those from burners op-
erating with conventional pressure atomizing fuel nozzles.

6. Combustion noise levels from the two-stage, advanced low emission JTgD-
vorbix burner are I to 2 dB lower than those from conventional JT8D burn-
ers.
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7.2 COMBUSTION NOISE TRANSMISSION LOSS

I. Predicted combustion noise transmission losses are dependent only on the
ratio of specific acoustic impedances across the turbine and on the combus-
tor/ duct coupling, i.e., the circumferential extent to which the acoustic
pressures are correlated at the combustor/turbine interface.

2. From comparisons of rig and engine data, typical transmission losses are
approximately 7 to I i dB. About 6 dB of this loss is associated with the
coupling of the combustor with the duct, where the acoustic pressures are
not correlated over the entire circumference at the combustor/turbine in-
terface. The remainder of the loss is predicted to be due to the discontin-
uity in specific acoustic impedances across the turbine.

3. The measured spectra from JT8D burner component rig tests are similar to
the combustion noise spectra from full scale engines, verifying the predict-
ed result that turbine transmission losses are not a function of frequency.

7.3 COMBUSTION NOISE SPECTRA

I. Since the spectral shape characteristics of combustion noise are similar
for all burners investigated (including both can-type and annular geometries),
it is possible to use a single normalized spectrum for general prediction
purposes.

2. Expressions have been analytically derived and experimentally verified for
the peak frequencies associated with combustion noise from both can-type
and annular burners. For a given burner type, this peak frequency is:

a. Proportional to the ratio of fuel flow to burner pressure at the design
condition.

b. Inversely proportional to the burner volume.

3. For a given burner, the peak frequency of combustion noise (predicted and
measured) is independent of burner operating conditions and farfield meas-
urement location.

7.4 COMBUSTION NOISE REDUCTION

Methods have been identified for reducing combustion noise through either de-
sign or performance modifications. These methods are presented below.

Geometry Modifications

Without changing the engine cycle, results of the current investigation suggest
that combustion noise may be reduced by:
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0 Increasing the number of fuel nozzles (independent burning regions) in the
burner.

• Increasing the cross-sectional area of the reacting region.

* Reducing the circumferential extent to which the acoustic pressures are
correlated at the combustor/turbine interface.

* Staging the combustion, as in the two-stage, advanced low emissions, JT8D-
vorbix burner.

Performance Modifications

Analytical and experimental results also indicate that combustion noise may
be reduced by:

* Decreasing the burner inlet pressure

* Increasing the burner inlet temperature

* Decreasing the burner flow parameter (i.e., velocities through reaction region)

" Decreasing the burner fuel-air ratio

" Increasing the turbine pressure ratio

Many of the above performance modifications, if utilized to effect reductions
in combustion noise, could result in penalties in engine performance, durability,
weight, economy and pollutant emissions. The results of the current investigation
will enable combustion noise considerations to be used in the trade-off studies that
are a part of the cycle selection process for future engines.
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APPENDIX A

SUMMARY OF TURBULENCE MEASUREMENTS IN JT8D-TYPE BURNERS

As part of Phase I of the current contract, cold flow turbulence measurements were made in-
side a JT8D-l 7 production burner, a JT8D-I 7 aerating burner, and a JT8D-vorbix low emis-
sions burner. The primary objective of these tests was to determine the relationship between
direct combustion noise and cold flow turbulence characteristics inside the burner. The de-
tails of the turbulence and how these details may relate to combustion noise were of prime
concern and are discussed in this appendix.

TEST PROGRAM DESCRIPTION

The burner rig at X-410 stand was used to obtain turbulence measurements on the three
JT8D-type burners. Although no fuel was burned, the flow parameters (and thus Mach
numbers) and inlet temperatures into the burner were set near the aircraft approach condi-
tion. More detailed information regarding the operation of X410 stand was presented in
Section 2.3. The flow was provided from the rig through an inlet section to the burner. A
hot wire probe was inserted along the center line through the exit diffuser and transition
section into the burner as shown schematically in Figure AI. A Disa miniature probe was
used with a platinum plated Tungsten sensor. The hot wire sensor was 9 microns in diame-
ter and has a flat frequency response to 15 KHz. A Disa anemometer system was utilized
with a RMS voltmeter and a DC voltmeter. Signals from the hot wire were recorded on a
Precision Instrument tape recorder for later reduction and analysis.

Hot wire
Ignitor sensor

Fl uner Diffuser traverse probe

nozzle
Burner Annular-to-round
case transition

Figure A I JT8D Burner Rig and Hot Wire Probe Diagram (X-410 Stand)

The JT8D-l 7 production and aerating burners are very similar in design with the main
difference being the higher mass flow entering the forward section of the aerating burner.
The two-stage vorbix burner has a distinct shape with forward and rear reacting regions..
In the rear reacting zone there are four swirlers through which approximately 25% of the
air passes. These four swirlers are spaced circumferentially every 90 degrees and alternate
in swirl direction between clockwise and counterclockwise swirl. Thus, we would expect
high fluctuating velocities in the region of these swirlers. The locations along the centerline
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of each burner where the probes were positioned were 2.5, 5 and 9 inches from the fuel

nozzle for the two JT8D-17 type burners and 2.5, 6.5 and 13 inches from the fuel nozzle
for the JT8D-vorbix burner. These locations were selected to be within the reaction regions
of these burners.

Cold flow turbulence measurements using the hot wire system were obtained at three axial
locations in each burner over a range of three performance settings. Flow parameters of
approximately 0.055, 0.074 and 0.092 were tested, where the value of 0.074 is approxi-
mately the approach condition. In addition to a magnetic tape record of the fluctuating
hot wire signal, the RMS fluctuations and the D.C. velocit) were obtained at each point.

Because the probe used for the turbulence measurements possessed a single sensor located
on the burner centerline, only an approximate idea of the character of the overall cold flow
turbulence in the burners was possible. Only components of velocity in the axial direction
may be calculated. None-the-less, these measurements should provide valuable knowledge of
basic turbulence properties within the reacting region of the JT8D burners that were tested.

DISCUSSION OF RESULTS

The usual technique for representing turbulence information is to express results in terms of
"percent turbulence". This value depends upon the local mean velocity measured at the sen-
sor location. Because there exists unusual flow through louvers, dilution holes, swirlers, etc.,
the measured local mean velocity on the centerline may not necessarily be typical of the
mean velocity over the entire cross-sectional area. It was assumed that the measured fluctua-
tions were typical, but that the percent turbulence based upon measured mean velocity was
not an accurate indication of the percent turbulence inside the burner. It was therefore de-
cided to present the turbulence directly in terms of the RMS fluctuating velocity.

Figure A2 shows typical levels of RMS fluctuating velocity for each burner at the simulated
approach condition (0.074 flow parameter). This figure illustrates the variation of the
fluctuation along the burner centerline. The levels for the JT8D-1 7 burners are in the 20-40
ft/sec range, whereas the turbulence velocities within the vorbix burner increase to about
70 ft/sec in the downstream reaction zone due to the influence of the previously mentioned
swirle's.
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Figure A 2 Variation of RMS Fluctuating Velocity With Distance From the Nozzle Face

Figures A3, A4, and A5 show the turbulence 1/3 octave band spectra for the JT8D-17 pro-
duction, JT8D-17 aerating and vorbix burners, respectively. In all cases the peak frequencies
of the turbulence appear to decrease with increasing downstream distance, consistent with
the idea of increasing eddy length scales with distance. Spectra from the aerating burner,
Figure A4, are quite different from the production burner although the levels of velocity
fluctuations are similar. The increased airflow entering the aerating nozzle causes the peak
frequency of fluctuation to occur near 6000 Hz at the forward position. As the eddies
evolve downstream, their peak frequencies decrease to 125 Hz at a position 9 inches from
the fuel nozzle face. Results of spectral measurements inside the vorbix burner are shown in
Figure AS. The turbulent velocities tend to decrease in level as the eddies move from the 2.5
inch position to the 6.5 inch position. The decrease in level over this distance reflects the de-
cay of the turbulence in the forward reaction zone. As expected, the spectra from the down-
stream reaction region is higher in level due to the influence of the swirlers at this location. The
fluctuating velocities at the downstream location peak at about 3 15 Hz and are several times
higher in level than at other locations in the burner. The spectra shapes at the other flow
parameter settings were similar to those shown in Figures A3, A4 and A5.

Figure A6 shows RMS fluctuating velocity plotted versus the bulk velocity over the range
of operation of all three burners. The bulk velocity at any location is proportional to the
flow parameter and is calculated from the local mass flow and area. This bulk velocity
term is more accurate than the local mean velocity measured by the hot-wire sensor for
reasons previously discussed. Figure A6 shows that the RMS fluctuating velocity at the
downstream location is roughly proportional to the mean flow through the burner. Although
the constant of proportionality changes for other locations, the proportionality relation holds
fairly well.

143



Fluctuating 0.1-flow parameter 0.074
velocity 0 .5it. from nzle

ft /See 0 5 is. from nozzle

50 100 200 400 800 1.6K 3.15K 6.3K

Frequency - Hz

Figure A 3 Turbulence Spectra Inside the JT8D- 17 Production Burner At Approach
Condition, Cold Flow
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Figure A 4 Turbulence Spectra Inside the JT8D-1 7 Aerating Burner At Approach Con-
dition. Cold Rlow
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Another parameter related to frequency is the turbulence length scale. Figure A7 presents
the variation of turbulent length scales with flow parameter for the vorbix burner. In
general, the length sciles of the eddies providing peak fluctuations increase with distance
downstream, but remain fairly constant with increasing flow parameter. This implies that the
length scales at all locations appear to be controlled more hy the geometr than by the flow
conditions. At the most rearward position, the length scales are roughly .375 ft. (4.5 inches).
suggesting that the turbulent eddy sizes are of the same order of magnitude as the burner can
diameter. Similar results were obtained for each of the other two burners tested.
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0 n n ftemnozzle
13 ' a m 0 llie
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-ft

0 .1L

otL

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Flow parameter

Fg'utr' .4 Turbhuhnce Length Scale Variation With Flow Parame'ter ]or the JTSD
'orbiv Burner

CONCLUDING REMARKS

In Section 2,2. an analytical model for direct combustion noise was derived that relates the
noise to the fluctuations in heat release rate within the burner, W'hile these fluctuations are
probably linked to the turbulence within the reaction region, the characteristics of this hot-
flow turbulence are unknown and are most likely highly dependent on the details of the
chemical reactions which take place. Therefore, in order to obtain a usable prediction pro-
cedure. it was assumed in Section 2.2 that the amplitude of the heat release fluctuations
are proportional to the steady mass flux through the burner. This resulted in a prediction
procedure that was shown to be in excellent agreement with data from the burner, and
engines presented in this report, Since the cold flow turbulence characteristics discussed in
this Appendix are quite different for the three burners inivestigated. and since the combustion
noise characteristics of these burners were very similar, it is therefore concluded that the
cold-flow and hot-flow turbulence characteristics are not strongly correlated. and thus that
the generation of direct combustion noise cannot be related to the cold flow turbulence
characteristics.
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APPENDIX B

DISCUSSION OF JT8D RIG RESONANCE PHENOMENON

This appendix reports tile efforts performed to define and identify thle source of the low
frequency noise peak (e.g., 100 to 125 liz) visible in the measured spectra obtained from
JT8D burner rig tests at X-410 stand. It was required that the appearance of this noise in
the measured spectra be explained so that an accurate analysis of the actual combustion
noise characteristics could be obtained. There were originally thought to be several possible
sources of this low frequency noise. Listed below are those which were investigated and are
discussed in this section:

1. Jet noise

2. X-410 burner stand and probe noise

3- Actual combustion noise

4. Resonance associated with rig geometry, the frequency of which would be
dependent on rig length and temperature

ANALYSIS OF THE LOW FREQUENCY NOISE EVIDENT IN X-410 STAND DATA

Jet noise is a common problem plaguing the analysis of core (combustion) noise in full size
engines. The JT8D burner noise rig, diffuser and test conditions were selected to minimize
the effects of any jet noise as discussed in Section 2.0. The maximum jet velocity obtained
from the burner rig was less than 500 ft/sec and the jet noise SPL level corresponding to
this velocity was well below the SPL levels of the low frequency noise.

With regard to the possibility of burner stand or probe noise, three cold flow conditions were
run and noise was recorded. Measured spectra from these conditions did not reveal any
characteristic low frequency peak near 100 lIz. The highest SPL levels recorded from these
cold flow tests were again well below the levels associated with this peak. In addition, the
total pressure probe located in the exit plane of the burner rig was removed to determine
whether the low frequency noise was caused by this probe. Removal of the probe had no
apparent effect on the farfield noise spectra.

Actual combustion noise was also investigated as a possible source of the 100 H7 peak. A
literature review of other combustion noise studies did not reveal any mention of a low
frequency (i.e., 100 Hz) component to the combustion noise from typical burners. In ad-
dition, the combustion noise (near 500 Hz), from tests at X-410 stand (e.g., levels, spectral
characteristics and directivity), follow completely different trends than the 100 Hz peak.

The fourth area investigated dealt with a possible longitudinal resonance phenomenon. The
resonant frequency of the burner rig may be determined by the speed of sound within the
burner rig and the length between the front of the burner and the rig exit plane. If the low
frequency peak were due to a resonance, then reducing the length of the burner rig would
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increase the peak frequencies according to the following approximate relationship

FREQUENCY -

'F

L

where L is the length mentioned above and T,5 is the burner exit temperature.

During the JT81D-9 burner rig test program the exit diffuser, which is 5.0 inches long, was

removed and the simulated approach power condition %as rerun Figure B I shows the 1 '3

octave power level spectra obtained from the simulated approach test condition with and

without the diffuser installed. The peak frequency of the resonant spectra increased nearly

one 1/'3 octave band. This increase in peak frequency can be analytically detennined using

Equation (B 1). With the length of the rig from the face of the fuel nol, l to the exit plane

of the diffuser being 37.9 inches. the peak frequency should increase 13.5 percent when

the diffuser is removed. This anticipated increase is approximately what is seen in Figure

BI.
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Figure B I ffect of'Rig Length On Earfield PIV. Spectra . JI'D-v Production Burner

The peak frequencies of the resonance spectra from the JTE-9 burner are plotted versus
the burner exit temperature in Figure B2. The results do not indicate any collapse of the
"diffuser removed" condition (square data point) with the remainder of the data. In con-

trast, when the peak frequencies of the possible resonance spectra were plotted versus v/"7t/,
a good collapse of all the data resulted as shown in Figure B3. In addition, Figure B3 5

shows that the data follows a line at the expected slope predicted by Equation (B).
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If this low frequen,:y peak is indeed due to resonance. then standing waves should exist,

such that the internal pressure fluctuations at this frequtency should bc a maximum at tile

front of the burner and a minimum at the rig exit plane. regardless ()f whether the res:nance

is of the "organ pipe type" (i.e.. quarter-wave length) or of the Ilelmhnlt/ type. The in-

ternal dynamic pressure was analyzed to see if. in f.iet. standing watcs of this sort do exist.

The resonance, located in the 100 to 125 Hz region, that "as clarly visible in the farfield

microphone data is also seen in the spectra from the internal Ktilites. as shown in Figure

B4. However, the peak SPL levels of the low freqttunLcy resonance noise is seen to he nearly

15 dB lower at the rig exit than at the front of the burner, which as mentioned above, would

be expected of a resonance phenomenon.

Sound 
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Frequency -Nz

h-tgure B 4 Internal Burner Rig SPL Spectra .4t nimulted .1pproaeh (Comliion,
JTSD-I 7 Aerating Burner, PA f'tiel Voz:le

Although these studies have not attempted to account for the effects of axial temperature

and velocity gradients occurring within the burner rig- it is hcheved that sufficient evidence

has been found to demonstrate that the low frel(quency spectra peak (centered at about
100 Hz) is indeed a resonance phenomenon. Fortunately, this resonant spectra does not

prohibit an accurate definition of the combustion noise SPI levels and spectral character-

istics. In addition, the levels of the pressure fluctuations due to this resonance are not coil-

sidered to be strong enough to affect the combustion process.

RESONANT NOISE AND FEEDBACK COUPLING WITH FUEL SYSTEMS

Two types of fuel systems were tested on the JT8D-I 7 aerating burner (i.e., pressure
atomizing and aerating types). Although no differen:es in the combustion noise (500 Hz)

levels were observed, substantial difference in the low frequency resonant noise levels were

seen, as shown in Figure B5. A brief discussion of the two fuel systems and their sensitivity

to acoustic feedback at X-410 burner noise stand is presented in the following paragraphs.
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Figure B 5 Farfield Burner Rig PWL Spectra At Simulated Approach Condition,
JT8D-1 7 Aerating Burner

The fuel from the pressure atomizing nozzle is atomized by a large pressure drop across the
fuel nozzle. Distribution of the fuel into the burning region is determined by the velocity of
the fuel as it exits from theifuel nozzle. This distribution would be essentially insensitive
to burner pressure fluctuations, since the fuel pressure drop across the nozzle is quite large
compared to the fluctuations in burner pressure.

In contrast, the fuel for the aerating fuel nozzle is atomized by the high velocity air passing
over the surface of the fuel. The distribution density of the fuel droplets in the air is depen-
dent upon the instantaneous velocity of the air which entrains the fuel. Any fluctuation in
this velocity (such as could be caused by burner pressure fluctuations) as the flow entrains
the fuel will cause a similar fluctuation in the distribution of the fuel into the burning
region, thus making the aerating system more sensitive to acoustic feedback than the pres-
sure atomizing system.

From the above analysis, it is suggested that the resonance noise present in the X-410 burner
noise stand affects the fuel distribution mechanism of the aerating fuel nozzle and results in a
coupling (or feedback) between the resonance and the fuel injection system. This coupling
is postulated to be responsible for the increased amplitude of the low frequency peak
shown in Figure B5 for the aerating fuel nozzle. Fortunately, it (toes not appear (Figure
B5) that this phenomenon affects the combustion noise generated at higher frequencies.
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APPENDIX C

INVESTIGATION OF OPTICAL TECHNIQUES

INTRODUCTION

The objective of this investigation was to explore the use of optical techniques in providing
a prediction of radiated noise by measuring the characteristics of the source function of
combustion noise, as distinct from the more usual investigations in which only the result,
namely the acoustic pressure field, is the measured variable. The forcing function, or right-
hand side of the ordinary acoustic wave equation, under conditions of heat addition contains
a term that is proportional to the time rate of change of the fluctuating heat release rate.
Among several forcing terms (Cl), this one is generally considered to be dominant, although
quite recent studies (C2) were directed to exploring the significance of additional contribu-
tors that have been suggested (C3) to have comparable importance in cases where the flow
velocities are high enough to require use of the convected wave equation.

The advantage of being able to measure the source function (cause) of combustion noise
instead of, or in addition to, the acoustic pressure field (result) is evident in situations where
meaningful acoustic field measurements are difficult or impossible to perform, for example
during rig test programs where burners are being developed, or during performance testing
of engines. Additionally, noise produced by unsteady combustion in aircraft gas turbine
powerplants is sometimes difficult to measure in the farfield due to the complicated trans-
mission process of burner noise in propagating through the turbine stages and exhaust
nozzle and, because of the presence of continuous spectra noise from other powerplant
sources such as the fan and exhaust jet. Internal fluctuating pressure measurements have
been made with water-cooled transducers penetrating through the burner walls, but these
measurements are subject to another set of obscuring factors (e.g. aerodynamic noise) that
make interpretation comparably uncertain (C4).

In the assessment of the effects of burner design and operating conditions on noise genera-
tion, and in developing burners for reduced combustion noise levels, a system that would
define the noise driving function would bypass some of these difficulties by allowing pre-
dictions of noise from measurements of the source strength (cause) rather than the farfield
pressure. This is the context in which the possibility of using optical methods was suggested
as an important topic of investigation in this program. A particularly important application
would be in test rigs for burner development programs. Typical burner rig designs are such
that combustion noise measurements are difficult to interpret as a result of local flow noise
contamination and other complications (C4). In developing and refining burner designs, a
direct measure of the combustion noise source strength would be of value in two ways.
First, it would allow an estimate of the farfield noise of an engine incorporating the com-
bustor design, the accuracy of the estimate depending on the calculation of the transmission
of the combustion noise through turbine stages and tailpipe. Secondly, and with obviously
greater simplicity and reliability, different burner designs could be ranked for their noise
reduction capability by simply comparing their measured combustion noise source strengths.
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APPROACH

Experiments using fluctuations in light emission as a measure of heat release rate fluctua-
tions, and relating these fluctuations to the acoustic farfield pressure of open premixed tur-
bulent flames have been reported in references C2, C5. ('C and C7 The essential teatures of
the process can be described briefly as follows: it has been determined that the steady light
emission intensity in a typical emission band, such as Cli, C-, and Oit, resulting from the
combustion of gaseous hydrocarbon - air mixtures is proportional to the steady heat release
rate. In a turbulent flame, the light intensity is observed to fluctuate about a mean value as
a result of time variations in the heat release rate. It is a,,SUlmed that the ratio of the fluctua-
tions in light intensity and heat release rate is numerically equal to the ratio of tile corre-
sponding steady-state quantities, and at the relatively low frequencies of interest in com-
bustion noise, this assumption is likely to be quite secure. Therefore, the fluctuations in
light intensity can be used as a measure of the heat release rate fluctuations, using the con-
stant of proportionality as determined from measurements of steady light intensity and
(measured or calculated) steady heat release rate. As has been described earlier, the primary
source term for combustion noise is proportional to the time rate of change of this unsteady
heat release rate. Consequently, for a relatively compact burning zone, if the output voltage
of an optically filtered photomultiplier cell viewing the flame is supplied to a differentiator
circuit, the output signal will be proportional to tile instantaneous source strength.

The procedure for evaluating the use of optics as a diagnostic technique required an arrange-
ment where both the source distribution and the acoustic transmission path are simpler than
in the geometry of an engine burner system. Such a validation program was formulated
using a relatively compact heat-light-sound source, an open turbulent flame, radiating in a
uniform pattern to the farfield. A microphone sensing the farfield acoustic pressure signal
would provide means of testing the operation of the system in the following simple manner:
By cross-correlating the time-differentiated light signal (proportional to acoustic source
strength) with the resulting microphone signal, a high value of cross correlations (at a delay
time related to the speed of sound and the source-to-nicrophone distance) would substan-
tiate the basic concepts and indicate that the equipment was performing satisfactorily. Sub-
sequent to this test program, the factors involved in employing these concepts to measure
the source strength and from it estimate the radiated noise in an engine burner would be
considered in order to indicate the feasibility of using optical methods in engine combustion
noise evaluation studies.

TEST PROCEDURE

The optical system elements were selected on the basis of their expected applicability for
use in engine burners and special burner test rig programs. The following elements were
involved: selectable apertures to control light intensity; selectable optical filters, and a type
IP 28-935 photomultiplier tube. This optical system output voltage was processed in a
manner to be described below.

Three types of optical bandpass filters were provided in order to examine those emission
bands where previous experience in spectroscopic examination of gas turbine combustion
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has indicated high emission levels. Filters were provided to pass radiation from tile follow-

ing species:

OH: 3064, 3067, and 3089 - maximum radiation when combustion is

near stoichiometric

CH: 4315 AS - best in excess air

C,: 5165 A - best in fuel rich environment

A schematic diagram of the optical sensor elements is shown in Figure (1.

Photomultiplier tube 1P28-935
Aperture

Filters-,

Sight tube assembly

Power in Signal

Eigure C I Diagram of Opm al Sepnor .-hmcen t.,

A blowtorch was used to provide the source of light and sound. rhis flame source was
selected because of its ready availability, convenience of operation, and because it employs
liquid hydrocarbon fuel. Aviation gasoline was employed rather than jet fuel because of its
better volatility.

The sound field from the flame source was measured by a standard B&K microphone, pre-
amplifier and power supply system. A schematic diagram showing the arrangement of the
flame source, microphone and light sensor is presented in Figure ('2.

Figure C3 is an operational circuit diagram for both microphone and photomultiplier tube
(PMT) systems, and for cross correlating their output voltages. The microphone system
branch elements are standard and required no further description. Several elements are
included in the optical system branch, following the PMT, and are described below.
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Figure C 3 Optics-A coustics Circuit Diagram

Immediately following the PMT, a photometer was provided for determining steady light
intensity. This element was not used to measure intensity as such, since it was sufficient to
have access to the output (both steady and fluctuating components) in units of voltage. In
addition to standard elements such as amplifiers, bandpass filters, etc., the most significant
circuit elements were as follows: the Dana 5370 Digital Voltmeter -used to measure the
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steady component of the PMT output voltage: the 'rektroiix type 0 operational amplifier-
used to differentiate the fluctuating component of the PMT voltage; Krohn [lite Model 3202
filters in both optical and pressure signal branches -to limit information to the low frequency
combustion noise domain: a Ballantine Model 300(; trie rns voltmeter used to measure the
fluctuating output voltage of the microphone and the (differentiated) tiu1 tuating voltage
component of the PMT output; and a Saicor 43A correlator the terminal circuit element
used to cross correlate the signals from the acoustic and optics branches.

Two of these elements require additional comment to clarify their essential roles in the mea-
surement system. First. the differentiator is needed il the light circuit because the acoustic
source of the microphone signal (and correlated flucturating light) is not simply proportional

to the fluctuating heat (or light) as such, but rather to its time rate of change (C I,C6,C7).
Thus it is desired to correlate the time derivative of the light-proportional voltage (source)
with the microphone voltage (receiver).

The Dana Model 5370 D.C. digital voltmeter serves two purposes. For fixed geometry, ap-
erature, optical filter and PMT, it provides a measure of the steady component of the radiated
light. But more important than providing the capability of measuring steady light emission,
the steady dc voltage is used to calculate how much of the fluctuating signal is due to spur-
ious electrical noise generated by the PMT. A photomultiplier tube has the property that
when exposed to completely steady radiation, such as emitted by a battery-supplied light
bulb, the output voltage contains a random time-fluctuating signal (noise) as well as a steady
component. Therefore, when the PMT is subjected to the light from an unsteady flame, the
output voltage (and its derivative) contains two unsteady components. The one of interest
is proportional to the unsteady light emission, but the other component which must be
accounted for. is a spurious electrical fluctuation that would also be present in viewing a
steady flame of the same average intensity. Therefore, if the dc voltage is recorded in a
flame test, and if the PMT system has been calibrated with a steady, battery-supplied light
source, the purely electrical noise corresponding to the steady component of the flame in-
tensity can be determined from the light bulb calibrations, and appropriate corrections can
be made. The nature of these corrections is best described by considering the final measure-
ment stage: cross correlation of the microphone and PMT circuit voltages.

CROSS CORRELATION PROCEDURE

Through use of the Saicor correlator. and applying corrections for the spurious electrical
noise in the optical system, values were determined for the normalized cross correlation
coefficient relating the source function (derivative of fluctuating light intensity which is
proportional to the derivative of the heat release rate) and the response function (sound
pressure at the microphone). To simplify notation, the microphone system voltage is desie-
nated by p(t) rather than e (t)--the letter p suggesting acoustic pressure. For the denvatvt.
of the voltage proportionalto the derivative of the light intensity fluctuation the notation
employs k (t). It is understood that (t) applies to the particular optical filter-aperature-
PMT and source distance for which the specific correlation measurement is being taken.

The quantity desired as a measure of the degree of correlation between light and sound is
the normalized cross correlation coefficient, R ll (r). which is a function of the relative time
delay between the instant of generation and the subsequent arrival of the resulting acoustic
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wave at the microphone location. In particular, the maximum value of R (W1 correspond-
ing to the acoustic transit time is required. Normalization is selected such that perfect cor-
relation is indicated by max R = 1.

The function defined by the following expression satisfies these conditions:

lim I i (t)p (t+r)dt

Too T o

Im 1 [
2  t d m 1 (t) d

in:T o T T o

The quantity in the numerator is the unnormalized light-sound correlation, and is generated
as a continuous function of the slowly varying delay time, r, with a finite integration time,
T, selected such that a good approximation to the limiting process is secured. The factors
in the denominator are recognizable as (by standard definition) the root-mean-square
measures of the differentiated light intensity 0(t) and the pressure variation, p(t). They are
measured by the true rms voltmeter mentioned previously. (The prime symbol on R
desigitates a normalized quantity.) Therefore Eq.(CI) can be written more compactly as

R (T) I lim f (t) p (t +,r) dt (C2)2 rmsPrrns T-- T o

If, in fact, voltages k and p were directly available, the measurement procedure description
would be complete and the results of performing these measurements could be presented
without further discussion. However, because of the presence of significant electrical
system noise in the light circuit voltage, (t), is actually not available directly at the measure-
ment terminals, as distinct from p(t). Instead, the output of the optical system consists of a
superposition of the desired i(t) and "noise", denoted by n(t). This noise is a well known
characteristic of photomultiplier tubes, and is generated along with a dc voltage when the
system is exposed to a perfectly steady illumination. Since this electrical noise is a function,
determined by calibration, of the mean (dc) light intensity, this relation can be suggested by
modifying the electrical noise symbol into the form nL(t). More significantly since nL(t)
depends only on the steady light intensity, the electrical noise and the voltage proportional
to the fluctuating (differentiated) light are completely uncorrelated. This is,

lim I fT (t) nL (t+r)dt (C3a)
Rn, j (7) T+- T 0

O for all r.
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Obviously, the pressure and electrical noise signals are also uncorrelated, i.e.,

Rn, p  0 (C3b)

With these relations established, it is easy to determine the result of cross correlating the
microphone pressure signal with the voltage that is supplied at the end of the optics system
branch. Let this optics branch voltage be denoted by e(t), where e(t) is the (uncorrelated)
sum of the voltage proportional to the fluctuating light intensity derivative, (t), and elec-
trical noise, nL(t), i.e.,

e(t) =(t) + nL (t) (C4)

The pressure-optical system voltage (unnormalized) correlation function that the Saicor will
generate is specified by:

T

R r)lim f e(t) p (t + r) dtRe, pt o ia

lim4 fT [i(t) +nL (t] p(t +r) dt

T f

=lim - f T (t)p(t+r)dt+lim4 o nL M p (t +T)at

Which reduces simply to

RfIp()=im jT i(t)p(t+,) (C5)Re, p () T 0ia

since the second term, the noise-pressure cross correlation, vanishes because the integrand
factors are uncorrelated.

By comparing Eqs. (CS) and (Cl) it is evident that identical unnormalized cross correlations
result regardless of the strength of the contaminating noise signal, i.e.,

Re, p (r) = Ri, p (-")

To obtain the normalized function, Eq.(CI), the output of the correlator, Re, p must be
divided by the product of the rms levels of p(t) and i(t), not by the product of Prms and
erm$.

It remains only to determine the rms value of the light component of the noise-contaminated
signal, e(t).
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By definition,

irms [ fim T (t)d]

Also, by Eq.(C4), and the definition of rms value:

erms = 2zs + nLr (6)

Solving Eq.(C6) for the required rms value of the uncontaminated signal, irms gives

irms= -eZ n2rms  (C7)

Thus the appropriate normalization factor, rms' that will give unity cross correlation be-
tween light and sound under hypothetically perfect correlation is determined from the
simple formula Eq.(C7).

In Eq.(C7), erms is measured by the true rms voltmeter. To find nLrms the value of the
steady component of light, L, is read on the Dana dc digital voltmeter. This value is used
to enter the calibration curve of nLrms versus L which was obtained by calibrating the
optical system with a flicker-free light bulb source.

Therefore, the final result can be expressed in terms of measured or operationally defined
quantities as follows:

R p (r =fT-
Rp(r) 2 lim I e (t) p (t +r)dt. (C8)

Prms -e nLrms T+ .C T o

TEST RESULTS

Tests were conducted with the blowtorch, microphone, and PMT arranged as shown in
Figure C2. Microphone distances of I and 2 feet were employed, with the PMT located at
40 inches from the flame source, in the tests employing 5176A, 43 19A, and 3080A
filters. The aperture was run wide open. Two additional types of experiments were con-
ducted. In the first, no optical filter was used, allowing the PMT to respond to the entire
visible line and broadband radiation. In these tests it was more convenient to reduce the
light intensity to an acceptable range for the PMT by moving the PMT farther away
(from 40 inches to 90 inches) from the light source rather than by installing a restricting
aperture. The second additional test omitted the microphone but employed two separate
optical systems, one incorporating a 3080A filter and the other using a 51 76A filter.
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This test was conducted to obtain preliminary information about the correlation between
radiation from the open flame in different optical bands, or regions of differing fuel-air
ratio.

Table Cl summarizes the results of the optical-acoustic cross correlation checkout test
program, listing the peak normalized cross correlation value, along with the optical filter
wavelength and torch to microphone distance.

TABLE CI

SUMMARY OF OPTICAL-A('OUSTIC (Iil('KOU'i
TEST PARAMETERS AND RESUI TS

Optical
Filter Torch to Microphone

Wavelength )istance Max. Correlation
Test A (feet) R'k, p

1 5176 I 0.31
2 5176 2 0.29
3 4319 I 0.42
4 4319 0.34
5 3080 I 0.45
6 None I 0.53
7 None 4 0.52

The peak cross correlations, occurring at time delays for the acoustic wave transit time,
ranged from about 0.3 to 0.5, and are considered indicative of a high degree of causality
between light fluctuations (assumed to be perfectly correlated with heat release rate
fluctuations) and the resulting acoustic pressure fluctuations. For example, in carefully
conducted experiments in an anechoic chamber, using a controlled premixed gaseous
hydrocarbon-air turbulent flame, having a flame brush completely visible to the PMT,
Plett(C8 ) indicates a corresponding figure of 0.75. The tests reported in this appendix
were made to give an early warning of possible component and systems malfunction.
Neither the acoustic or light propagation were "clean". Multiple acoustic reflections could
occur to produce at the microphone a signal that was contaminated thereby and was not a
true measure of the direct wave from the combustion zone to microphone. Furthermore,
the aspirator tube of the flame source, which enclosed a signilicant portion of the com-
bustion zone could be expected to modify both sound generation and propagation and
obviously prevented the PMT from viewing the complete region of light emission. For
these reasons the 0.3 to 0.5 range of peak cross correlations obtained here are considered
to provide sufficient substantiation that the instrumentation was free of any first order
operating problems. As a matter of information, the correlograms from which the tabulated
peak values were obtained are presented in Figures ('4 through C I0.
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It should be noted (Table Cl) that the highest values of normalized peak correlation were
obtained when no optical filter was employed in the light sensing circuit. The correlograms
for this case are shown in Figures C9 and C O. Previously reported test results seem to
have been restricted to cases in which filters were used. Although it was not possible to
explore further for an explanation of this result, it suggests that efforts to apply optical
methods to burner rig environments, should include the provision for sensing the total
radiated light.

Another interesting result was obtained from the cross correlation of the light fluctuation
in two different emission bands. For this test two separate optical systems were used, one
incorporating a 3080A filter, and the other using a 5 176A filter. No microphone was
used, the differentiator was bypassed, and the light bulb steady source calibration of each
system for electrical noise was also conducted with the differentiator bypassed.

Figure C1I shows the auto correlation functions of each optical circuit and the cross
correlogram. A peak normalized cross correlation of 0.83 was achieved. This highly
correlated radiation in two bands, each of which is most responsive to different fuel-air
ratios suggests that a high degree of synchronons heat release fluctuation exists throughout
the flame region.

The high interband radiation correlation, together with the result that the best light-sound
correlation was obtained by viewing the entire optical spectrum, suggests that heat and
light fluctuations were highly correlated over the flame region and that the best indicator
of overall heat release fluctuations is obtained without the use of any optical filter in the
light-sensing circuit. Thus, the basic operation of the system was validated, and the tests
provided encouragement for extending the technique to evaluate confined burner
noise, particularly using unfiltered optical radiation.
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EXTENSION TO COMBUSTION NOISE SOURCE MEASUREMENT

Having demonstrated by light-sound cross correlation tests that the optical sensing and
signal processing equipment employed in this program can be used to obtain a measure of
the source function for open flames, it remains to examine the requirements for employing
these methods in the prediction of noise generated by unsteady combustion within the
confines of an engine type burner.

There are two classes of problems that must be addressed to determine the fealibility of
optical methods for burner noise source determination. One class concerns such matters
as durability of sensing elements, ease of installation and calibration, and allied mechanical
and operating characteristics. Evaluation of these properties can only be achieved as a
result of experience in actual burner rigs. The other class of problems involves selection
of equipment, calibration and the design of experiments to validate the basic concept.
These matters should be explored on a simple can type burner rig that incorporates a
sufficiently long, simple discharge duct in which reliable acoustic pressure measurements
can be made at a considerable distance from the burning zone. The purpose of providing
this measurement location is to avoid near field measurement problems associated with
transducers placed in the combustor itself.

Heat, Light, and Sound from Compact Flames -- To appreciate the essentials of the
relationships, it is helpful to re-examine the open lame case, paying special attention to
what a farfield microphone hears and what the photomultiplier tube sees. Modifying the
notation of Equation (13) of this report, results in an expression for the pressure, p(t),
at the microphone location, with the origin of coordinates taken at the rricrophone.
Let the open flame occupy a volume, V, of fluctuating heat release distribution. In this
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,,ource volume. a typical volume element, dV, is releasing heat at a rate Q 60o t - - ) dV.
This says that Q is a function of position in the source volume, and further that the time,
1, when the effect is sensed at the microphone corresponds to cmission at the source at
the earlier time, t - - (Differences between the speed of sound in the source volume
and from the flame to the farfield are ignored.). Recognizing that the source strength
is proportional to the time rate of change of Q. summing over all elements in the flame
region, and subsuming known constants by using Lx to denote proportionality, the
farfield pressure at a point can be written:

p(t) a TO at (1o, t ---- ) dV (C9)
V

This integral states that the acoustic pressure at any instant is the sum of the contributions
of a distribution of sources evaluated at times appropriate to their distances from the
receiver (and attenuated by the familiar / spherical divergence factor).ro

Consider next what the photocell sees when viewing the flame. Compared to the acoustic
transit times, the photocell receives light instantaneously. Therefore, light from all regions
in the burning zone is received simultaneously and at the instant, t, that the microphone
is responding to earlier heat (and light) emission. If the light emission intensity in a
certain optical band is denoted by V, it has been found that Q is proportional to heat
release rate, the factor of proportionality depending on the eqivalence ratio, 0. Thus,
Q = k(O) Q dV and if the fluctuations are not excessively rapid, by differentiating these
results: atQ = = tr the light intensity frotn in element of

combustion volume.

Assuming that the combustion equivalence ratio varies locally in the flame, the photo-
multiplier tube will see (neglecting constants for aperture and di-lancc attenuation):

R(t) = /' k [ o0 (o. 0t) dV (Cl 0)

and the differentiated light signal will be:

im) k Fro] j at r, 0l dV (cII)

At this point it is appropriate to examine the linitin,! terms of these expressions for the
microphone pressure and the differentiated light signal when the assumptior is "nade that
the source is compact (i.e., small compared to acoustic wavelengthj. which is the case
for direct combustion noise applications. If the microphone is located in the farfield,
then all positions of the flane are at ahouLt the s;anlme distance, an t? c transit times are
common. Denoting this typical distan,:e by rv!. I q. C'))lor t hc pr, ,surc b'ecomes
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p(t) a a.__ t [ ((o t  tavg) dV (C12)ravg "v B

where: tavg ravg/C

If the expression. Eq. (Cl 1), for the differentiated light signal is compared with Equations

(C9) and (C1 2). it is seen that Eq. (CI 2) for the pressure due to a compact source com-
pares more closely with the light expression then does Eq. (C9) in that the time depend-
ence in both expressions does not depend on specific location in the flame. The time
dependence of p is exactly like that of i except that a common value of time shift is
involked in the integrand.

There is one complication that should be noted for future reference. Whereas the pressure
in Fq. (Cl 2) is just the time derivative of the local heat release rate, the light intensity is
proportional to this quantity by a factor k[O (r )] which generally depends on specific
location in the flame. The effect of this variation is to make Q (t) a biased estimator of
the source tunction of the pressure. In the case where the source is highly coherent over a
large fraction of the flame volume, a single effective (or mean) value of k could be found
by obtaining the ratio of the total radiated steady light to the (calculated or otherwise
measured) total steady heat release rate from the flame. This same keff would then
apply to determining the coherent time fluctuation of the volume heat release rate by
dividing the fluctuating light intensity by keff. The data from the open flame experiments
previously reported support the concept that the light fluctuations are coherent over dif-
ferent regions of the flame, and suggest that the use of an effective value of k may be used,
especially if unfiltered light fluctuations are employed.

Under these assumptions of (a) a compact source and W) coherent burning fluctuations
in the flame volume, the value of keff can be obtained as d'scribed below. Under these
assumptions, k will be constant and can be transposed as a factor outside of the integral
in Equations (Cl 0) and (Cl 1). Equation C 0 can then he used to evaluate keff by using
the ratio of measured steady light intensity to total steady heat release rate, which may be
calculated from knowledge of the overall fuel-air ratio of the burning process, i.e.,

2 steady _ Q steady
keff v 0 steady dV 0( tot steady

Finally, from (C! 1) and the above constant

(t) = Qsteady / r .14)
Q tot steady .vat

Notice that if the steady and fluctuating light intensity con onents are measured at the
same distance from the tiamc, the constant of lproportionality impiicd by the IX symbol
may be replaced with an equality symbol in expression (C14).
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Finally, the acoustic pressure in the farfield can be predicted by substituting Eq. (C14) into
Eq. (12), i.e.,
p(t) =l ) total steady (t - t avg) (CI5)

ravg Q steady

EXTENSION TO ACTUAL BURNERS

The preceding discussion of open, compact flames will now be extended to explain the
application of optical techniques to enclosed flames in burners. For the peak frequency
range of primary interest (400 - 500 Hz) and for typical burner temperatures, the source
region can be considered to be compact. For example, at 500 Hz and 2000 R, the wave
length of sound is about 4 ft, whereas the combustion region is on the order of .5 ft.
Furthermore, based on the results of the open flame studies discussed previously in this
appendix, the combustion region will be taken to be a single coherent source. Finally, at
the frequencies under consideration (i.e., 500 Hz) only plane waves can propagate from
the burning region towards the burner and engine exits.

Consider next a burner through which the burning process is viewed by a PMT. The fol-
lowing discussion describes the way in which the resulting PMT output can be calibrated to
estimate the burner generated noise. The calibration procedure requires the burner to be
mounted in the upstream end of a long duct in which a microphone can be placed. The
derivation of Eq. (CI5) will now be extended to include the case of an enclosed flame.

Let the region of the coordinates be located downstream in the duct, where the pressure is
to be measured by a microphone to provide the required calibration between light intensity
and sound. Since only plane waves of sound will propagate at the frequencies associated
with combustion noise, a particularly simple Green's function or influence coefficient
results. Let G denote the plane wave pressure resulting from a unit rate of change of heat
release rate per unit source volume, Adx o . G has no r-dependence as in the spherical wave
field of open flames, but is simply a constant combination of steady-state thermodynamic
quantities.

Thus for a heat source element located at x0 , the pressure at the microphone (x, = 0) is
simply:

. a Xop (o, t) G- Q (x° ' t -- ) Adx°

at c

where A is the duct area and dx o is a differential element of length. For a source distri-
bution in the duct, the pressure is

r a xo
p(o,t) G" A (x, , t - ) Adx

ato c 0

fa Xo
G - Q(xo, t -- ) Adx (C16)

f c
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If, as in the open flame case, the source is compact with respect to acoustic wavelength,
and also fluctuates with a high degree of coherence over its extent, the above expression
may be simplified to the form

a (X Xo avg
p(o, t) = G- f (xo avg, t ) Adx o

a G tot (t- Xoavg). (C17)
c

where Qtot is the total fluctuating heat release rate of the combustion process, considered
to be emitted at an effective location xo avg-aQ
Now, the method of evaluating a total by optical sensing is exactly the same as was
described for the open flame case. With an optical sensor viewing the flame region, an
effective light-heat proportionality constant is evaluated from the steady quantities. From
equation (C1 3), this constant is:

steadykeff = Q o tay(C13)

~Q tot steady

Then -t Q tot =1 Qtotsteadykeff 2 steady

Finally, the fluctuating pressure can be expressed in terms of the fluctuating light intensity
derivative:

- tt)= Xo avgp (0, t)-0 G 1Q tot (t ) o v

c

G Qtot steady i (t v(Cg8)2 steady c

Using the measured value of pressure, the value of G can be computed, and the relationship
between pressure and light intensity is obtained.

In the above discussion, a method has been proposed for developing and verifying the use
of light sensors to predict combustion noise. If the correlation tests indicate success, then
internal microphones can be eliminated and the procedure can be used in normal burner
development rigs.
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CONCLUSIONS

1. Checkout tests using a blowtorch for a source of sound and light fluctuations served to
validate the satisfactory operation of the instrumentation selected for optical studies
of combustion noise.

2. Significant levels of cross correlation between sound and fluctuating light intensity in
3 optical bands were observed, indicating that the basic concept of using light
fluctuation as a measure of acoustic source strength is valid.

3. Very high correlation between light fluctuations in different optical radiation bands
and the achievement of maximum light-sound cross correlation using wideband
(unfiltered) radiation implies that areas within the burning region are highly correlated
with each other.

4. A procedure for estimating radiated noise using measured light fluctuations from
the combustion source was defined for open flames.

5. A method was defined for extending this procedure to include enclosed flames in
burners.
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APPENDIX D

DETAILS OF THE INDIRECT COMBUSTION NOISE HOT-SPOT TEST PROGRAM

As mentioned in Section 3.2, the current contract eftort was redirected when it became ap-
parent that direct combustion noise, instead of indirect combustion noise, is the dominant
source of core engine noise in turbofan engines. As a result, additional work was conducted
in tle area of direct combustion noise, and the rig test program to simulate and verify indir-
ect combustion noise was not conducted. This appendix contains a description of the rig,
instrumentation, test plan and data reduction and analysis techniques which were to be used
in tile experimental investigation of indirect combustion noise at P&WA's X-206 test stand.

INDIRECT COMBUSTION NOISE RIG (HOT-SPOT GENERATOR)

After examining several possible methods of generating hot-spot pulses within a mean flow
to simulate indirect combustion noise, the design shown in Figures 1)1 and 1)2 was selected.
This design utilizes two parallel branches of pipe and a three-way ball valve (#1) to switch the
flow from one branch to the other. While the cold flow is passing through one branch, the
other branch is charged with a slug of hot gas as shown in Figure I)1. After the hot gas has
been injected into the parallel branch. the three-way valve (#1) is actuated and the flow is
switched to tile branch containing tile hot-spot as shown in Figure 1)2. This flow then car-
ries the hot-spot to the primary test pipe and to the nozzle where the subject noise is gen-
erated. A separate system of valves (#3 and #4), also shown in Figures DI and D2, is used
to inject the hot spot into the rig while the main flow is directed through the other parallel
path. )uring the hot gas injection cycle, shown in Figure )I, valve #2 remains closed to
assure a distinct hot region. Before the hot-spot is propelled down tile duct, valves #3 and
t4 arc switched closed to isolate the hot slug, and valve #2 is then opened. The flow is then
transferred by valve #1 to the branch contaming the hot-spot. Figure #2 illustrates tile hot
spot moving downstream to tire nozzle.

3-way, Cold flow
v a l v e so 1 = _

Cold ToCod2-way, valve 4 2 T
air in ./ nozzle

HeaterGair - ri 2-way, valve # 4

l.ay,J I ---- to dump

lve # 3
Hot slug injected-
into system

/ir'jurc 1) I lh /-,Sp'o, G(vilrtor .S; ieiath . Ilol-Spt ( bargi /'crirod. L tg IIt-Sput
( utn iI t,'ratl/O17
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3-way, valve, 1
Cold air in rt ""k Tonzl

._ n N_- ay valve # 2 To nozzle.-

Cold flow - (

Heater air Not-spot
. - 2-way, valve # 4 convecting to nozzle

_ -- H , ', ,*--"To dump 7
3-way ValVe *s 3 

-  
...

FiANirv 1) 2 ilo t-Spot Gcierator Schematic, Ilot-Spot Delivery Period. Short IIot-Spot
(onlmigurafion

Fhe length of the spot may be varied by installing spacer sections in the lower branch. Hot-
spots of 5, 10, 15 and 20 inches in length are possible. The velocity of the flow may be reg-
ulated by setting the upstream pressure. The temperature of the hot-spot may be regulated
by a flow heater. Two nozzles were to be tested with exit diameters of 0.75 and 0.53 in-
ches. The valve operating sequence is controlled by a specially designed timing circuit box
shown in Figure )3. This device allows the timing between each .alve sequence to be con-
trolled so that smooth operation of the hot-spot generator is assured. Sensors located on
the valves, and connected to a visicorder, supply a record of the operation sequence,

i'igur 1) . e Ihctro ni I alr''-(o otroller Bau.1(r hot-Spot ( e'nrato,
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With the correct valve operating sequence, this hot-spot generator should provide a flow to
the nozzle that contains fluctuations only in the flow temperature. Velocity fluctuations
associated with the generation of the hot-spot should not be significant and any noise asso-
ciated with the valve actuations will precede the subject noise pulse by long times relative
to the desired pulse duration. Calculations show that the nozzle size and the hot-spot para-
meters can he selected to suppress jet noise below the level of predicted indirect combustion
noise. Further suppression of the jet noise floor relative to the indirect combustion noise
will be achieved by the cyclic injection of hot spots, at the prescribed frequency of about
one-per-second, and then signal enhancing the resulting farfield and internal pressure time
histories by using periodic sampling, keyed to the injection frequency. 1is will enhance
the deterministic indirect combustion noise pressure history while averaging the random jet
noise pressure time history toward zero.

STAND DESCRIPTION

The hot spot generator was installed in P&WA's X-206 stand as shown in FIgure )4. X-206
stand consists of an anechoic chamber designed and built for the measurement of noise gen-
erated by model jet nozzles. Fleven 0.25 inch B&K farfield microphones are located on a 16
foot radius at 10 degree increments over an arc of 60 through 160 degrees. A schematic of
the air supply system to X-206 stand is shown in Figure 1)5.

...- Flow exhaust duct

Air Air
Iin Anechole chamber i~Cnto

i. 2 .room

19 ft 27 ft 2w

microphone typ.PC array -

IHot spot ~ary.
rit h j!IW~

Heater

t-igurc' 1) 4 Installation o. Hot Spot (eeratrjor In X-200 Stand
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Figure D 5 X-206 Stand Air Supply (Hot-Spot Generator Configuration)

i INSTRUMENTATION

The following instrumentation will be used to control and measure indirect combustion
noise in the hot-spot rig at X-206 stand.

I . 5-kulite flush mounted pressure transducers

2. 3-quick response thermocouples

3. l-hot-wire sensor

4. 9-farfield microphones

5. 1 pitot-static probe

6. oscilliscope camera equipment

7. required pressure and heat control for rig operation

The placement of the instrumentation within the rig is schematically shown in Figure D6.
he motivation for this instrumentation is as follows.

The symmetry of the generated signal will be checked by placing two kulite transducers
opposite each other at the same axial location 4.5 inches upstream of the nozzle. The re-
maining Kulites will be spaced axially at distances of 9, 18 and 27 inches from the nozzle
to measure the upstream sound wave generated by the hot-spot as it passes through the

nozzle.
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Figure D 6 Instrumentation Schematic for Indirect Combustion Noise Test

Just upstream of the nozzle a probe will be mounted which contains three thermocouples.

The thermocouples will measure the character of the hot-spot just before it passes through

the pressure drop of the nozzle in order to determine both the length and amplitude of

the temperature pulse so that the noise mechanism can be properly evaluated and compared

to existing theoretical models.

As previously discussed, velocity fluctuations are unwanted in the system. A hot-wire sen-

sor will therefore be placed near the centerline of the duct to measure the amplitude of any

velocity fluctuations which accompany the hot spot. Farfield acoustic data will be collected

with nine of the existing arc of B&K 0.25 inch condensor microphones at X-206 stand. Sig-

nals measured with this array will require signal enhancement to distinguish the indirect

combustion noise from the jet noise. A photograph of the hot spot generator installed in

X-206 stand is shown in Figure D7. The nozzle and several sensors are clearly visible in this

figure.

Figure D 7 Hot-Spot Generator Mounted In X-206 Stand
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ON STAND DATA REDUCTION EQUIPMENT

In addition to instrumentation installed directly in the rig, other apparatus is required for
on-line monitoring of the experiment. A set-up to photograph oscilloscope traces of the
time histories from the various signals is required. The oscilloscope will be set to trigger
on the opening of valve #1. The oscilliscope will also have an adjustable delay time incor-
porated into the system so that particular blocks of time may be examined after the move-
ment of valve #1.

As previously discussed, it is quite possible that indirect combustion noise from the hot-spot
may be contaminated by jet noise from the rig. A correlator for signal enhancement will
therefore be utilized to separate the repeated portion of the signal (indirect combustion
noise) from the random jet noise.

TEST PROGRAM DEFINITION

The testing of the rig will be performed in four phases, which include rig checkout and de-
tailed data acquisition phases. The details of this test plan is contained in the following dis-
cussion.

Test Plan, Phase 1

Objective - The Phase I objective is to test the rig for valve noise caused by the valve open-
ing and closing and the flow switching processes. It is also necessary to determine the "am-
bient" noise generated by the rig when no heat is added and no pressure drop exists at the
nozzle location. The test matrix for this phase is shown in Figure D8.

test matrix Ambient Amait

Air sill length = 10i.F x 2Ie txos

Phase 2 Nozzle prssure ratio
test matrix 1.2 1.1

Air slag length 10= . I I I 3 test elots

It' tlli lt

Phase 3 Net Wt aT
test matrix 340- L4

1x = 10iW. Total X

re&r P x 0.6015 fIt 4 test plots
Nozzle 1.3 x .0lIS fts I repeat

prossue ratio 1 -. -x-O.eeIs ft,

Figure D 8 Test Program Matrix, Phases 1, 2. and 3
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Configuration - The rig will operate with no nozzle and no heat addition. A straight duct

termination will be utilized to determine the noise inherent to the rig.

Test Plan, Phme 2

Objective - The objective of this phase is to test the rig for undesirable effects of velocity
fluctuations. Despite efforts to achieve a clean flow, velocity perturbations may occur dur-
ing the hot spot injection and flow switching process. As these velocity perturbations pass
through the nozzle, some noise may be generated. This phase of experimentation (See
Figure D8) will measure this noise signal if it exists.

Configuration - Operation in this phase will be similar to Phase I but a nozzle will be used
to produce a pressure drop at the end of the rig. The hot-spot heater will not be in operation.

Test Plan, Phase 3

JObjective - The objective of this phase is to determine the character of the hot spots and
to measure any extraneous noise caused by the hot-spot travelling through the valves and
pipes. This noise must be distinguished from the noise generated in the controlled pressure
drop of the nozzle. The test matrix for this checkout phase is shown in Figure D8.

Configuration - At this point, the hot-spot heater will be utilized for the rust time; both
with no nozzle, and then with the smallest exit area nozzle. First, the 10 inch hot-spot will
pass through the piping without experiencing a static pressure drop at the end of the pipe.
The small nozzle will then be used in conjunction with a reasonably small pressure ratio to
slowly move the hot-spots through the pipe so they may be examined closely with the
thermocouple probes.

Test Plan, Pham 4

Objective - The objective of this final phase of experimentation is to collect data which will
evaluate the existing models of indirect combustion noise. Each of the relevent parameters
will be varied independently, as shown in Figure D9.

Configuration - The rig will be operated utilizing two nozzles, three hot-spot lengths, three
hot-spot temperatures, and three nozzle pressure ratios.
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~0.0015
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5 1O 20 10 20 ! '0o
Not Wt WIth, It - WIs

Rgcure D 9 Test Program Matrix, Phase 4

DATA REDUCTION

On-Stand Data Reduction - Phases 1, 2 and 3 are checkout phases, whereas Phae 4 is basic-
ally aimed at gathering sufficient information for characterizing and verifying the prediction
of indirect combustion noise. These goals will be most efficiently realized if Phases 1, 2
and 3 ae conducted separately from Phase 4 with enough time between to analyze the be-
havior of the rig and decide upon the best manner to proceed. Thus the analysis of the
first three phases will be done on the stand, whereas the reduction of data from Phase 4 will
be performed after the test program.

Post-Test Data Reduction - After the completion of the experimental work, the Phase 4
data will be reduced and analyzed. Signal enhanced time traces of selected farfield and in-
ternal noise signals will be obtained. The resulting hot-spot noise characteristics will be
analyzed as functions of nozzle pressure drop, hot-spot temperature and hot-spot length.
The results will then be compared to predictions, and the accuracy of the predictions will
be asesed.
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NOMENCLATURE

A cross-sectional area, in 2

c velocity of sound

C1  constant defined in Eq. (3)

specific heat -t constant pressure (.28 AbmOR in typical
reaction region)

D outer diameter of turbine at combustor/turbine interface, ft

F ratio of characteristic impedances across turbine, Eq. (46)

Fb burner fuel-air ratio

FST stoichiometric fuel-air ratio - .068 for jet fuel and air

fe combustion noise peak frequency, Hz

jig, fuel heating value 18,500 for jet fuelf f1 ibm

KI, K2, K3  constants defined in Eqs. (10), (27), and (28), respectively

Kf constant in peak frequency model, Eq. (1I)

L length defined in Figure 4.6-1, ft

Lb  burner length, ft

LY length of reaction region in burner, ft

Lr, L0, Lx  hot-spot correlation length scales

In circumferential lobe number for spinning modes

Nf number of fuel nozzles in burner

P acoustic power

P; acoustic presure amplitude at burner exit

p man premure, psia

Q volumetric heat release rate, BTU/sec-ft 3
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NOMENCLATURE (Cont'd)

Rgos constant 5 5ftlbf for airR Ila contant "  •ibm ° R

Rw defined in Eq. (20) and Reference (3)

r distance from source to observer, ft

T temperature, OR

T.L. combustion noise transmission loss, dB

Ur mean velocity through reaction region, ft/sec

V volume

Wa&b burner airflow, Ibm/sec

W ar  airflow through reaction region, Ibm/sec

Wf fuel flow rate, lb/sec

7 ratio of specific heats

p density

Tr typical reaction time, Eq. (4), sec

Subscripts

4 burner entrance location

5 burner exit, turbine inlet location

7 turbine exit location

OR denotes ambient conditions

b denotes burner

Corr denotes correlated volume, area etc.

d duct,

ref burner reference (or design) condition

ST denotes stoichiometric condition

t denotes stagnation value of pressure or temperature
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